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Abstract: Breast cancer remains one of the most prevalent and deadly malignancies among women worldwide. 
The F-box protein family, a core component of the SCF (SKP1-Cullin1-F-box) E3 ubiquitin ligase complex, plays 
a pivotal role in determining substrate specificity for ubiquitin-mediated proteasomal degradation. Beyond their 
classical functions in cell cycle regulation and signaling pathways, F-box proteins are increasingly recognized for 
their involvement in key oncogenic processes, including breast cancer stem cell (BCSC) maintenance, metastasis, 
and therapy resistance. Based on differences in their C-terminal domains, F-box proteins are classified into three 
subfamilies: FBXL, FBXW, and FBXO. Certain members, such as SKP2 and FBXL10, act as oncogenes, whereas 
others, like FBXW7 and FBXO15, function as tumor suppressors. Notably, some proteins - including FBXO11 and 
FBXO22 - exhibit dual or context-dependent roles that vary by tissue type or disease stage. With their diverse and 
critical functions, F-box proteins have emerged as promising therapeutic targets in breast cancer. Current strategies 
under investigation include small-molecule inhibitors (SMIs) and RNA interference (RNAi). This review highlights 
recent advances in understanding the molecular mechanisms of F-box proteins in breast cancer and explores their 
potential in targeted therapy.
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Introduction

Breast cancer is currently the most common 
malignant tumor in women [1]. According to 
recent statistics, approximately one in every  
20 women worldwide will be diagnosed with 
breast cancer during her lifetime [2]. Breast 
cancer can be classified into four subtypes: hu- 
man epidermal growth factor receptor 2-posi-
tive (HER2+) breast cancer, luminal A breast 
cancer, luminal B breast cancer, and triple-neg-
ative breast cancer (TNBC). TNBC accounts for 
10-20% of all breast cancers [3, 4]. It carries 
the poorest prognosis because of limited treat-
ment options, poor therapeutic response, and 
a high risk of distant metastasis and mortality. 
Bone is the most common site of metastasis  
in breast cancer and a major cause of cancer-
related mortality [5, 6]. Approximately 20-30% 
of patients eventually develop metastases. 
Nearly 90% of breast cancer-related deaths  

are directly linked to metastatic disease [7]. 
Apart from surgery, current treatment modali-
ties for breast cancer mainly include radiother-
apy, chemotherapy, endocrine therapy, HER2-
targeted therapy, and, more recently, immune 
checkpoint inhibitors for selected patients. 
These strategies have improved patient out-
comes. However, their efficacy is often limited 
by intrinsic or acquired drug resistance and sys-
temic toxicities. In particular, TNBC lacks ef- 
fective targeted therapies. This underscores 
the urgent need for novel treatment approach-
es [8].

The ubiquitin-proteasome system (UPS) is a 
fundamental pathway in eukaryotic cells and 
plays a critical role in tumor development and 
progression [9-11]. The ubiquitination process 
mainly involves three types of enzymes: E1 
ubiquitin-activating enzymes, E2 ubiquitin-con-
jugating enzymes, and E3 ubiquitin ligases. 
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Figure 1. Structure of the SCF E3 ubiquitin ligase complex and role of F-box proteins in substrate recognition. The 
SCF complex consists of Cullin, SKP1, RBX1/2, and variable F-box proteins (e.g., SKP2, FBXW7) that determines 
substrate specificity. Representative F-box proteins, such as SKP2 and FBXW7, selectively recognize and mediate 
the degradation of substrates including P27, PDCD4, NICD, and c-Myc. Abbreviations: SKP1, s-phase kinase-asso-
ciated protein 1; PDCD4, programmed cell death 4; NICD, NOTCH intracellular domain.

Among them, E3 ligases confer substrate spec-
ificity. They play a central role in substrate rec-
ognition and regulation. Based on structure 
and catalytic mechanisms, E3 ligases are divid-
ed into three main categories: RING-type, HECT-
type, and RBR-type. Cullin-RING ligases (CRLs) 
are multi-subunit complexes belonging to the 
RING-type family. The SCF (SKP1-Cullin1-F-box) 
complex is the largest subgroup of CRLs, and 
its substrate specificity is determined by F-box 
proteins [12, 13] (Figure 1). F-box proteins play 
important roles in regulating diverse cellular 
functions and are closely associated with mul-
tiple cancers [14-16]. In breast cancer, F-box 
proteins exhibit context-dependent roles, func-
tioning as either oncogenes or tumor suppres-
sors depending on the molecular subtype 
(Figure 2). Compared with existing therapies, 
targeting ubiquitination offers several advan-
tages. One advantage is its ability to directly 
modulate protein stability and degradation, 
including oncogenic proteins that are tradition-
ally considered undruggable. Another is its 
higher selectivity, achieved through the unique 
recognition between E3 ligases and their sub-
strates. Finally, targeting ubiquitination can 
also overcome signaling redundancy and thera-

py resistance by eliminating critical oncogenic 
or resistance-related factors. Accordingly, as 
substrate-recognition components of the SCF 
complex, F-box proteins have emerged as im- 
portant therapeutic targets and potential bio-
markers in cancer biology and drug develop-
ment. This review summarizes recent advances 
in the study of F-box proteins in breast cancer. 
It highlights their roles in tumor initiation and 
progression and evaluates their potential as 
therapeutic targets.

Classification of F-box proteins and their func-
tions in breast cancer

The F-box protein family plays a critical role in 
the initiation, progression, and treatment of 
breast cancer (Table 1). In breast cancer, these 
proteins regulate the cell cycle, cancer stem 
cell (CSC) maintenance, tumor metastasis, and 
drug resistance (Table 2) [17]. F-box proteins 
are broadly classified into three sub-families: 
the FBXL family with leucine-rich repeats, the 
FBXW family with WD 40 repeats, and the  
FBXO family with uncharacterized domains. In 
the human genome, about 22 FBXL, 10 FBXW, 
and 37 FBXO proteins have been identified 
[18]. 
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Figure 2. Subtype-specific expression patterns of F-box proteins in breast 
cancer. A heatmap showing the differential expression (↑, ↓, ±, N) of repre-
sentative F-box proteins across ER+, HER2+, and TNBC subtypes. Color-cod-
ed symbols reflect the upregulation (red), downregulation (blue), or context-
dependent (yellow) expression based on published data. Green squares 
indicate that the corresponding F-box protein has not been systematically 
studied in breast cancer, or that its expression level shows no significant 
change compared to normal breast tissue. Abbreviations: ER+, estrogen re-
ceptor positive; HER2+, human epidermal growth factor receptor 2-positive; 
TNBC, triple-negative breast cancer.

FBXL family (F-box with leucine rich amino 
acid repeats)

FBXL-type F-box proteins contain an F-box 
domain and one or more leucine-rich repeats 
(LRRs). These repeats enable the proteins to 
bind specific substrates and mediate their 
ubiquitination. About 22 members of the FBXL 
family have been identified, and several of 
them have been found to play important roles 
in breast cancer [19].

SKP2 (FBXL1): SKP2, also known as p45 or 
FBXL1, is one of the most extensively studied 
F-box proteins in breast cancer. It functions as 
an oncogene and a key regulator of the cell 
cycle [20]. SKP2 promotes cell cycle progres-
sion and inhibits the p53-dependent apoptosis 
pathway mediated by the p53-inducible gene 3 

(PIG3) [21, 22]. It also partici-
pates in the DNA damage 
response. For example, SKP2 
ubiquitinates programmed cell 
death 4 (PDCD4), a tumor sup-
pressor that regulates DNA da- 
mage by inhibiting p53 trans- 
lation [21]. This modification 
helps explain SKP2’s role in 
DNA repair and tumor develop-
ment. Clinically, SKP2 overex-
pression in breast cancer cor-
relates with poor overall sur- 
vival [23]. Inhibition of SKP2 
increases the radiosensitivity 
of breast cancer cells, and its 
combination with radiothera- 
py markedly improves treat-
ment outcomes [21]. More- 
over, SKP2 overexpression is 
linked to activation of the Akt 
signaling pathway in HER2+ 
breast cancer [24].

FBXL2: FBXL2 generally acts 
as a tumor suppressor in can-
cers. Similar to SKP2, it par- 
ticipates in the ubiquitin-me- 
diated degradation of cyclins 
[25-28]. However, research on 
FBXL2 in breast cancer re- 
mains limited. Breast cancer 
stem cells (BCSCs) play a cen-
tral role in tumor initiation, pro-
gression, metastasis, and drug 

resistance [29]. FBXL2 can target the transcrip-
tion factor E47 for polyubiquitination and deg-
radation, thereby blocking BCSC differentiation 
[30]. This process suppresses TNBC progres-
sion and reduces paclitaxel resistance induced 
by BCSCs [31, 32]. Hence, FBXL2 may repre-
sent a potential therapeutic target for drug-
resistant TNBC.

FBXL10: FBXL10, also known as KDM2B, is a 
conserved protein widely expressed in human 
tissues. It regulates diverse physiological pro-
cesses, including cellular senescence [33], cell 
proliferation [34], and BCSC self-renewal [35-
37]. In breast cancer, FBXL10 acts as an on- 
cogenic factor by stabilizing estrogen-related 
receptor α (ERRα). It achieves this by inhibiting 
ERRα polyubiquitination while promoting mo- 
noubiquitylation, which enhances ERRα stabili-
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Table 1. Classification and functional roles of key F-box proteins in breast cancer
F-box protein Role Substrates Subtype Biological functions
FBXL family
    SKP2 (FBXL1) Oncogene P27, P21, P57, cyclin A, 

cyclin E, cyclin D1, c-Myc
All subtypes Cell cycle [22, 106-110]

PDCD4
P53

DNA damage [21]
Apoptosis [22]

    FBXL2 Tumor-suppressor gene E47 TNBC BCSCs and paclitaxel resistance [30]
    FBXL10 Oncogene ERRα ER+, TNBC Cell proliferation [39]

SNAI1 EMT [41]
microRNA TNBC NDY1/EZH2/microRNA/PRC axis and 

BCSCs [35]
    FBXL14 Tumor-suppressor gene CDCP1 TNBC Tyrosine phosphorylation-dependent 

regulation of cellular events [42]
Twist1 EMT [44]

    FBXL16 Tumor-suppressor gene HIF1α TNBC EMT and BCSCs in TNBC [45]
Oncogene Unclear ER+ Mitochondrial respiration and tamoxifen 

resistance in ER+ breast cancer [47]
    FBXL20 Oncogene PUMA and BAX ER+, TNBC Apoptosis and drug resistance [50]
FBXW family
    FBXW2 Oncogene MSX2 ER+ BCSCs and tamoxifen resistance [62]

Tumor-suppressor gene Moesin ER+, HER2+, 
TNBC

AKT-Moesin-SKP2 axis [59]
p65 BCSCs and paclitaxel resistance [57]

    FBXW7 Tumor-suppressor gene NICD All subtypes NOTCH/NICD pathway [69]
mTOR and HIF1α PI3K/Akt/mTOR pathway [70]
c-Myc, GAK, cyclin E, cyclin 
D1, cyclin B1, Aurora-B

Cell cycle [72, 76, 112-114]

HIF1α, IL-6Rα Tumor metastasis [117]
Notch1-IC, MCL-1, HSF-1 Drug resistance [77-79]

    FBXW8 Oncogene NUMB ER+ BCSCs [82]
FBXO family
    FBXO3 Oncogene USP4 HER2+, 

TNBC
FBXO3-USP4-Twist1 axis and PI3K/ERK 
signaling pathway [95]

    FBXO11 Oncogene p53 ER+ p53/p21 signaling pathway in non-EMT 
breast cancers [85]

Tumor-suppressor gene Snail TNBC EMT [84]
    FBXO15 Tumor-suppressor gene SOX2, EGFR, and STAT3 All subtypes EMT and BCSCs [86]
    FBXO22 Oncogene Unclear ER+, TNBC Cell proliferation [90]

Tumor-suppressor gene Snail EMT [90]
HDM2 Tumor metastasis [91]
KDM5A DNA damage and tumor metastasis [10]
KDM4B Tamoxifen resistance [92]

    FBXO24 Tumor-suppressor gene LSD1 All subtypes Tumorigenesis [96]
    FBXO32 Tumor-suppressor gene KLF4 ER+ Cell proliferation [100]
    FBXO45 Oncogene Bim ER+, TNBC Apoptosis [93]

Tumor-suppressor gene ZEB1 TNBC EMT [94]
Note: F-box proteins not listed in the table have undefined roles and unknown substrates in breast cancer. Abbreviations: PDCD4, programmed 
cell death 4; TNBC, triple-negative breast cancer; BCSCs, breast cancer stem cells; ERRα, estrogen-related receptor α; ER+, estrogen receptor 
positive; HER2+, human epidermal growth factor receptor 2-positive; SNAI1, snail homolog 1; EMT, epithelial-mesenchymal transition; NDY1, not 
dead yet-1; EZH2, enhancer of zeste homolog 2; PRC, polycomb repressive complex; CDCP1, CUB-domain-containing protein 1; HIF1α, hypoxia-
inducible factor 1α; PUMA, p53 upregulated modulator of apoptosis; BAX, Bcl-2-associated X protein; MSX2, muscle segment homeobox 2; NICD, 
NOTCH intracellular domain; GAK, G-associated kinase; MCL-1, myeloid cell leukemia-1; HSF-1, heat shock factor 1; USP4, ubiquitin specific 
peptidase 4; SOX2, sex-determining region Y-box 2; STAT3, signal transducer and activator of transcription 3; HDM2, human double minute 2; 
LSD1, lysine-specific demethylase 1; KLF4, Kruppel-like factor 4; ZEB1, zinc-finger E-box-binding homeobox 1.
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Table 2. Functional involvement of F-box proteins in key processes of breast cancer progression
F-box Protein Cell Cycle EMT CSC Drug Resistance Apoptosis
SKP2 (FBXL1) + N/A N/A N/A N/A
FBXL2 N/A N/A - - N/A
FBXL10 N/A + + N/A N/A
FBXL14 N/A - N/A N/A N/A
FBXL16 N/A + + - N/A
FBXL20 N/A N/A N/A + +
FBXW2 N/A N/A +/- +/- N/A
FBXW7 - N/A - - N/A
FBXW8 N/A N/A + N/A N/A
FBXO3 N/A + N/A N/A N/A
FBXO11 N/A - N/A N/A N/A
FBXO15 N/A - - N/A N/A
FBXO22 N/A - N/A - N/A
FBXO45 N/A - N/A N/A +
Note: Abbreviations: EMT, epithelial-mesenchymal transition; CSC, cancer stem cell.

ty and transcriptional activity. This activity fa- 
cilitates ERRα/PGC1β-driven proliferation and 
tumorigenesis in vitro and in vivo [38, 39]. 
Functional genomic screening also links FB- 
XL10 dysregulation to resistance against anti-
estrogen therapy [40]. Moreover, FBXL10 re- 
gulates acetylation and transcriptional activity 
of Snail homolog 1 (SNAI1), which represses 
E-cadherin and induces epithelial-mesenchy-
mal transition (EMT) [41]. As a result, FBXL10 
enhances migration and invasion, while its 
knockdown reduces lung metastases in mouse 
models. In summary, FBXL10 promotes prolif-
eration, endocrine resistance, and metastasis 
in breast cancer.

FBXL14: FBXL14 targets the transmembrane 
CUB-domain-containing protein 1 (CDCP1), a 
factor critical for TNBC migration [42]. By pro-
moting CDCP1 degradation, FBXL14 reduces 
its stability and suppresses downstream pro-
metastatic signaling [18]. FBXL14 also regu-
lates EMT by inducing the degradation of Twist1 
[43, 44]. This effect, however, can be counter-
acted by the deubiquitinating enzyme ubiquitin-
specific protease 13 (USP13) [44], highlighting 
a functional antagonism between USP13 and 
FBXL14. This interaction warrants further study 
and may provide novel insights into breast can-
cer diagnosis and therapy.

FBXL16: The functions of FBXL16 in breast 
cancer are not yet fully elucidated. In TNBC, 
FBXL16 acts as a tumor suppressor. It directly 

binds hypoxia-inducible factor 1α (HIF1α) and 
promotes its ubiquitin-dependent degradation, 
thereby blocking HIF1α-driven EMT and angio-
genesis [45, 46]. Downregulation of FBXL16 via 
the p38/miR-135b-3p axis correlates with poor 
prognosis, underscoring its potential as a ther-
apeutic target for advanced TNBC. In contrast, 
in estrogen receptor positive (ER+) breast can-
cer, high FBXL16 expression is associated with 
worse overall survival. In this context, FBXL16 
localizes predominantly to mitochondria, where 
it supports oxidative phosphorylation and cel-
lular respiration [47]. This metabolic role pro-
motes survival under endocrine therapy and 
contributes to tamoxifen resistance. Collecti- 
vely, FBXL16 exerts tumor-suppressive func-
tions in TNBC but oncogenic effects in ER+ dis-
ease, highlighting the subtype-specific nature 
of its activity.

FBXL20: FBXL20 acts as an oncogene in breast 
cancer [48]. It regulates apoptosis-related pro-
teins, including p53 upregulated modulator of 
apoptosis (PUMA) and BCL2-associated X pro-
tein (BAX) [49-51]. In aggressive breast can-
cers, FBXL20 is highly expressed and inhibits 
apoptosis by promoting AKT1-dependent pro-
teasomal degradation of PUMA and BAX. This 
activity enhances cell proliferation and tumor 
growth. Furthermore, AKT1 prevents FBXO31 
from degrading FBXL20, thereby reinforcing  
its oncogenic role [50, 52]. Silencing FBXL20 
restores PUMA/BAX function and increases 
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chemosensitivity, partially overcoming drug 
resistance.

The other FBXLs: Many members of the FBXL 
family have not yet been studied in breast can-
cer, and only a few have been preliminarily 
linked to disease. For example, FBXL12 is sig-
nificantly upregulated in breast cancer patients 
with high cyclin E expression and correlates 
with poor prognosis [53]. Its precise molecular 
mechanisms in breast cancer remain unclear.

FBXW family (F-box with WD 40 amino acid 
repeats)

FBXW-type F-box proteins contain WD 40 
repeat sequences at the C-terminus. Among 
them, FBXW2 and FBXW7 have been most 
extensively studied in breast cancer, while the 
roles of other FBXW proteins in breast cancer 
remain poorly defined.

FBXW2: FBXW2 is a F-box protein that acts as  
a tumor suppressor in several cancers. It pro-
motes proteasomal degradation of oncogenic 
proteins such as SKP2, β-catenin, and epider-
mal growth factor receptor (EGFR) [54-58]. In 
breast cancer, FBXW2 inhibits the AKT-Moesin-
SKP2 axis by inducing proteasomal degrada-
tion of Moesin, which in turn reduces SKP2 lev-
els and suppresses tumor progression [59]. 
FBXW2 also regulates cancer stemness and 
drug response in a context-dependent manner. 
On one hand, it targets NF-κB p65 for degrada-
tion, attenuating sex-determining region Y-box 
2 (SOX2) activation, reducing stem-like proper-
ties, and reversing paclitaxel resistance; this 
effect can be blocked by p300-mediated acety-
lation of p65 [57, 60, 61]. On the other hand, 
FBXW2 interacts with muscle segment homeo-
box 2 (MSX2), relieving its repression of SOX2, 
which enhances stemness and contributes to 
tamoxifen resistance [62, 63]. Thus, FBXW2 
exerts both tumor-suppressive and oncogenic 
effects depending on substrate context, in- 
fluencing proliferation, stemness, and therapy 
resistance.

FBXW7: FBXW7 is a classical tumor suppressor 
in breast cancer [64]. The human FBXW7 gene 
is located at chromosome 4q31.3 and is delet-
ed in about 30% of cancers [65]. Three iso-
forms exist - FBXW7α, FBXW7β, and FBXW7γ - 
arising from alternative splicing. Research in 
mouse models have shown that FBXW7 dele-

tion causes degeneration of mammary epithe-
lial cells, promotes malignant transformation, 
and increases metastatic lung nodules [66, 
67]. Functionally, FBXW7 suppresses breast 
cancer initiation and progression by targeting 
multiple oncogenic proteins for ubiquitin-medi-
ated degradation, thereby regulating cell cycle, 
proliferation, EMT, and metastasis. Its well-
characterized substrates include NOTCH1-IC, 
mTOR, HIF1α, cyclin E, c-Myc, and NF-κB com-
ponents, implicating FBXW7 in the control of 
several central signaling pathways [68-76]. Ra- 
ther than acting on a single cascade, FBXW7 
serves as a master regulator that simultane-
ously restrains oncogenic transcription factors, 
kinases, and survival proteins. In addition, 
FBXW7 has a key role in drug resistance. By 
promoting the degradation of resistance-relat-
ed proteins such as Notch1-IC, myeloid cell  
leukemia-1 (MCL-1), and heat shock factor 1 
(HSF1), FBXW7 enhances chemotherapy sen- 
sitivity and can reverse resistant phenotypes 
[77-79]. Clinically, downregulation of FBXW7  
is associated with higher tumor invasiveness, 
reduced survival, and unfavorable prognosis 
across breast cancer subtypes [80]. Taken 
together, FBXW7 is a critical tumor suppressor 
that integrates multiple signaling pathways, 
restrains tumor progression, and modulates 
therapy response, making it both a promising 
therapeutic target and a potential prognostic 
biomarker.

The other FBXWs: Research on most FBXW 
family members in breast cancer is still limited. 
Several have only been preliminarily reported. 
For example, NUMB is a tumor suppressor that 
inhibits NOTCH signaling, stabilizes p53, and 
maintains stem cell homeostasis [81]. FBXW8 
can promote BCSC differentiation by degrading 
NUMB [82]. Bioinformatics analysis shows that 
FBXW9 is upregulated in breast cancer and is 
associated with cancer stemness and poor 
prognosis [83]. p53 may be one of its impor- 
tant substrates.

FBXO family (F-box only with uncharacterized 
domains)

FBXO-type F-box proteins contain only the F-box 
domain and lack other domains such as LRR 
and WD 40. They are diverse and participate in 
biological processes including cell cycle regula-
tion, apoptosis, and signal transduction.
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FBXO11: FBXO11 may have dual functions in 
different types of breast cancer. The transcrip-
tion factor Snail promotes tumor recurrence 
and metastasis during breast cancer progres-
sion by inducing epithelial-mesenchymal transi-
tion (EMT) [84]. In metastatic breast cancer, 
FBXO11 levels are inversely correlated with 
Snail, suggesting that FBXO11 suppresses 
metastasis and recurrence by ubiquitinating 
and degrading Snail. Conversely, in some non-
EMT breast cancers, FBXO11 may act as an 
oncogene by suppressing the p53/p21 path-
way, thereby enhancing proliferation and inva-
siveness [85].

FBXO15: FBXO15 exerts tumor-suppressive 
effects. High FBXO15 expression promotes 
ubiquitination and degradation of SOX2, down-
regulating EMT and CSC pathways and reduc-
ing invasiveness [86]. It also negatively regu-
lates ERK and STAT3 signaling [87, 88], there- 
by reducing EGFR-driven oncogenic activity. 
Clinically, high FBXO15 expression correlates 
with improved survival across subtypes, sug-
gesting its potential as an independent prog-
nostic biomarker.

FBXO22: FBXO22 plays dual and context-
dependent roles in breast cancer. In primary 
tumors, it is frequently upregulated, driving  
proliferation, colony formation, and xenograft 
growth, thereby supporting tumor initiation  
[89, 90]. In contrast, FBXO22 suppresses inva-
sion and metastasis by promoting glyco- 
gen synthase kinase 3β (GSK3β)-dependent 
degradation of Snail and ubiquitination of the 
human homolog of mouse double minute 2 
(HDM2) [90, 91]. A W52R mutation within the 
F-box domain of FBXO22 disrupts its normal 
activity and consequently enhances the inva-
sive potential of cells. Beyond growth and 
metastasis, FBXO22 also influences therapy 
response in a subtype-specific manner. In ER- 
positive tumors, it remodels estrogen receptor 
complexes through KDM4B degradation, en- 
hancing tamoxifen antagonism and endocrine 
sensitivity [92]. In triple-negative breast can-
cer, FBXO22 degrades KDM5A, relieving p16 
repression, promoting DNA damage response, 
and limiting metastatic spread [10]. Thus, 
FBXO22 simultaneously promotes primary tu- 
mor growth while restricting EMT and therapy 
resistance in certain contexts. 

FBXO45: A recent study revealed that FBXO45 
promotes the degradation of the pro-apoptotic 
protein Bim in breast cancer cells, thereby 
enhancing cell proliferation and inhibiting apop-
tosis [51, 93]. Clinically, high expression levels 
of FBXO45 are significantly associated with 
poor survival in breast cancer patients. How- 
ever, other researchers have suggested that 
FBXO45 may function as a tumor suppressor  
in more aggressive breast cancer subtypes, 
such as TNBC. DNAJB9, a member of the heat 
shock protein 40 family, can promote FBXO45-
mediated ubiquitination and degradation of 
zinc-finger E-box-binding homeobox 1 (ZEB1), 
inhibiting the metastatic potential of TNBC [94]. 
Therefore, the DNAJB9-FBXO45-ZEB1 signaling 
axis may serve as a potential prognostic mark-
er for metastatic breast cancer.

The other FBXOs: FBXO3 can promote PI3K/
ERK-mediated breast cancer cell migration and 
tumor metastasis by regulating the FBXO3-
USP4-Twist1 axis [95]. This effect is indepen-
dent of its E3 ubiquitin ligase activity. FBXO24 
mediates the ubiquitination and degradation of 
lysine-specific demethylase 1 (LSD1), thereby 
suppressing LSD1-induced tumorigenesis and 
functioning as a tumor suppressor in breast 
cancer [96, 97]. FBXO31 is downregulated in 
breast cancer and may act as a tumor suppres-
sor because it is located in the 16q24.3 loss-
of-heterozygosity region of breast cancer [98]. 
FBXO32 directly targets the zinc finger tran-
scription factor Kruppel-like factor 4 (KLF4) and 
promotes its degradation [99]. This suppresses 
in vitro colony formation as well as the occur-
rence and growth of primary breast tumors in 
vivo [100]. Some studies suggest that FBXO1, 
FBXO5, FBXO16, and FBXO28 may be indepen-
dent poor prognostic factors in breast cancer 
[101-103].

Summary of the functions of F-box proteins in 
breast cancer

The F-box protein family exhibits remarkable 
functional diversity. Some members, such as 
SKP2 and FBXO3, act as oncogenic factors, 
whereas others, including FBXW7 and FBXO24, 
possess tumor-suppressive activity. Additiona- 
lly, certain proteins, such as FBXO11 and 
FBXO22, display dual roles (Figure 3), highlight-
ing the complexity of their biological functions. 
Overall, F-box proteins are play critical roles in 
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the regulation of breast cancer cell prolifera-
tion, metastasis, and drug resistance (Table 1).

Molecular mechanisms of F-box proteins in 
breast cancer

F-box proteins are involved in multiple process-
es of breast cancer development, including cell 
cycle regulation, EMT, CSC maintenance, drug 
resistance, and apoptosis (Figure 4). These 
diverse roles reflect the complexity of ubiquitin-
mediated proteolysis in tumor progression.

Regulation of cell cycle and tumor cell prolif-
eration

As substrate-recognition subunits of the SCF 
ubiquitin ligase complex, F-box proteins play a 
central role in maintaining cell cycle homeosta-
sis. The orderly progression of the cell cycle 
depends on the dynamic regulation of cyclins 
and their kinases [104]. F-box proteins contrib-
ute to this process by controlling the expres-

sion and activity of these regulators through 
ubiquitin-mediated degradation [105]. 

SKP2 (FBXL1) is an oncogenic F-box protein 
that promotes cell cycle progression. It targets 
multiple cell cycle-related proteins, including 
P27 [106], P21 [107], P57 [108], cyclin A [109], 
cyclin E [109], and cyclin D1 [110]. SKP2-
mediated ubiquitination of c-Myc enhances  
the c-Myc-driven G1/S transition [22]. In addi-
tion, FBXL12 and FBXW9 also participate in  
cell cycle regulation and promote tumor deve- 
lopment.

In contrast, FBXW7 is a classical tumor-sup-
pressive F-box protein. It recognizes and 
degrades multiple oncogenic factors involved 
in the cell cycle, thereby suppressing excessive 
cell proliferation [111]. Loss of FBXW7 leads to 
increased levels of c-Myc, cyclin G-associated 
kinase (GAK), cyclin E, cyclin D1, cyclin B1, and 
Aurora-B, all of which promote breast cancer 
cell cycle progression [72, 76, 112-114]. 

Figure 3. Dual functions of F-box proteins in breast cancer. This diagram illustrates the context-dependent dual func-
tions of selected F-box proteins, including FBXW2, FBXO11, FBXO22, and FBXO45, which can act as either tumor 
suppressors or oncogenes depending on the cellular environment. Abbreviations: CSC, cancer stem cell; MSX2, 
Msh homeobox 2; HDM2, human double minute 2; KDM4B, histone lysine demethylase 4B; ZEB1, zinc-finger E-box-
binding homeobox 1; EMT, epithelial-mesenchymal transition.
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Regulation of EMT and breast cancer metas-
tasis

Epithelial-mesenchymal transition (EMT) is an 
important biological process in breast cancer 
invasion and distant metastasis [115, 116]. 
F-box proteins influence EMT both positively 
and negatively through degradation of tran-
scription factors and signaling mediators. 

Some F-box proteins promote EMT. FBXL10 
enhances SNAI1 activity and suppresses 
E-cadherin expression, which facilitates this 
process [41]. FBXO3 stabilizes USP4, leading  
to increased Twist1 expression and activation 

of the PI3K/ERK pathway. Through this axis, 
FBXO3 promotes breast cancer cell migration 
and metastasis [95].

In contrast, several F-box proteins act as sup-
pressors of EMT and metastasis. FBXL14 pro-
motes the degradation of Twist1 and reduces 
metastatic ability [44]. FBXL16 binds to HIF1α 
and induces its degradation, which blocks 
hypoxia-driven EMT and angiogenesis in TNBC 
[45]. FBXO11 and FBXO22 both destabilize 
Snail, thereby limiting EMT and reducing the 
invasive capacity of breast cancer cells [84, 
90]. FBXO15 targets SOX2 for degradation, 
which downregulates EMT-related pathways 

Figure 4. Functional network of F-box proteins in breast cancer. This schematic diagram illustrates the roles of 
various F-box proteins in key oncogenic and tumor-suppressive pathways in breast cancer. F-box proteins (center, 
yellow) regulate diverse biological processes, including cell cycle progression, EMT, CSC maintenance, apoptosis, 
and drug resistance. Arrows represent regulatory relationships. Green nodes indicate tumor-suppressive targets, 
while red nodes represent oncogenic targets or effects. Abbreviations: CSC, cancer stem cell; SNAI1, snail homolog 
1; EMT, epithelial-mesenchymal transition; MSX2, muscle segment homeobox 2; GAK, G-associated kinase; MCL-1, 
myeloid cell leukemia-1; HSF-1, heat shock factor 1; USP4, ubiquitin specific peptidase 4; SOX2, sex-determining 
region Y-box 2; STAT3, signal transducer and activator of transcription 3; EGFR, epidermal growth factor recep-
tor; ZEB1, zinc-finger E-box-binding homeobox 1; HIF1α, hypoxia-inducible factor 1 alpha; PUMA, p53 upregulated 
modulator of apoptosis; BAX, Bcl-2-associated X protein.
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and decreases invasiveness [86]. FBXW7 also 
contributes to EMT suppression. Its loss leads 
to accumulation of HIF1α and IL-6Rα, which 
promote metastasis in patients, whereas re- 
stored expression inhibits EMT, migration, and 
invasion [117, 118]. 

Involvement in tumor stemness and drug 
resistance

Breast cancer stem cells (BCSCs) have self-
renewal and multipotent differentiation abili-
ties. They contribute to the initiation, progres-
sion, and drug resistance of breast cancer [29, 
119]. F-box proteins play critical roles in main-
taining BCSC properties and promoting drug 
resistance.

FBXL10 preserves BCSC self-renewal and en- 
hances resistance to anti-estrogen therapy by 
regulating epigenetic states and suppressing 
miRNAs that target polycomb complexes PRC1 
and PRC2 [35, 40]. FBXL20 promotes chemo-
resistance by degrading the pro-apoptotic pro-
teins PUMA and BAX, thereby reducing sensitiv-
ity to chemotherapy [50]. FBXW8 induces BCSC 
differentiation through degradation of NUMB 
[82], while FBXW9 has been linked to cancer 
stemness and poor prognosis [83].

In contrast, several F-box proteins suppress 
stemness and drug resistance. FBXW7 de- 
grades resistance-related proteins such as 
Notch1-IC, MCL-1, and HSF1, increasing sensi-
tivity to Adriamycin [77, 120, 121], paclitaxel 
[78, 79], and tamoxifen [122]. FBXL2 targets 
the transcription factor E47, inhibiting TNBC 
progression and paclitaxel resistance [30]. 
FBXL16 regulates HIF1α, restricting CSC ma- 
intenance in TNBC and enhancing tamoxifen 
response in ER+ tumors [45, 47]. FBXO15 
degrades SOX2, thereby limiting stemness 
pathways and reducing invasiveness [86].

FBXW2 plays dual roles in regulating cancer 
stem cell properties and drug resistance in 
breast cancer. By degrading MSX2, it relieves 
the repression of SOX2, leading to SOX2 upreg-
ulation and enhanced tamoxifen resistance 
[62]. In contrast, degradation of p65 by FBXW2 
suppresses SOX2 activation, thereby reducing 
stemness and reversing paclitaxel resistance 
[57]. These contrasting outcomes highlight the 
complexity of FBXW2 activity. Further studies 
are required to clarify its substrate preference 

and regulatory functions across different bre- 
ast cancer subtypes and microenvironments. 

Regulation of apoptosis

Apoptosis is a fundamental biological process 
that maintains tissue homeostasis and pre-
vents tumor formation. Breast cancer cells 
often evade programmed cell death by activat-
ing anti-apoptotic mechanisms, thereby pro-
moting tumor growth. F-box proteins regulate 
the apoptotic pathway. They do so by targeting 
various apoptosis-related proteins for ubiqui-
tin-dependent degradation. For instance, SKP2 
suppresses the p53-PIG3 pathway, reducing 
apoptosis and promoting tumor development 
[22]. FBXL20 degrades pro-apoptotic proteins 
PUMA and BAX, impairing apoptosis and accel-
erating breast cancer progression [50]. FBXO45 
targets Bim for degradation, further inhibiting 
cell death and enhancing tumor aggressive-
ness [93].

Progress in targeting F-box proteins for breast 
cancer therapy

Since the approval of the first proteasome 
inhibitor, bortezomib, for the treatment of 
refractory hematological malignancies, resear- 
ch on proteasome inhibitors as anticancer 
agents has attracted considerable attention 
[123, 124]. F-box proteins are essential com- 
ponents of the ubiquitin-proteasome system 
and regulate critical processes in breast can-
cer, including tumor development, metastasis, 
and drug resistance [17]. They are also closely 
associated with patient prognosis (Table 3). 
F-box proteins represent a potential break-
through for targeted therapy of breast cancer. 
Therapeutic strategies targeting F-box proteins 
mainly include small molecule inhibitors (SMIs) 
and RNA interference (RNAi) (Figure 5). These 
approaches aim to interfere with oncogenic 
functions, improve treatment efficacy, and 
overcome drug resistance.

For example, the SKP2 inhibitor SMIP004  
[125] was originally developed for prostate can-
cer. A recent study has shown that combining 
SMIP004 with radiotherapy significantly en- 
hances the radiosensitivity of human breast 
cancer cells [21]. MLN4924 (pevonedistat), a 
small-molecule inhibitor of NAE, is currently in 
phase I/II clinical trials [126, 127]. It inhibits 
FBXW2, causing intracellular accumulation of 
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Table 3. Prognostic significance of F-box proteins in breast cancer
F-box Protein Expression Prognosis Subtype Reference
SKP2 (FBXL1) Upregulated Poor All subtypes [21, 22]
FBXL2 Downregulated Favorable TNBC [30]
FBXL10 Upregulated Poor ER+, TNBC [35, 39, 41]
FBXL14 Downregulated Favorable TNBC [42, 44]
FBXL16 Dual (context-dependent) Poor ER+ [45, 47]

Favorable TNBC
FBXL20 Upregulated Poor ER+, TNBC [50]
FBXW2 Dual (context-dependent) Unclear ER+ [59, 62]

Favorable HER2+, TNBC [57]
FBXW7 Downregulated Favorable All subtypes [64]
FBXW8 Upregulated Poor ER+ [82]
FBXO3 Upregulated Poor HER2+, TNBC [95]
FBXO11 Dual (context-dependent) Poor ER+ [85]

Favorable TNBC [84]
FBXO15 Downregulated Favorable All subtypes [86]
FBXO22 Dual (context-dependent) Unclear ER+, TNBC [10, 90-92]
FBXO24 Downregulated Favorable All subtypes [96]
FBXO32 Downregulated Favorable ER+ [100]
FBXO45 Dual (context-dependent) Poor ER+ [93]

Unclear TNBC [93, 94]
Note: Abbreviations: ER+, estrogen receptor positive; HER2+, human epidermal growth factor receptor 2-positive; TNBC, triple-
negative breast cancer.

the transcription factor MSX2. This suppresses 
SOX2 expression, reduces the stemness of 
breast cancer cells, and increases their sen- 
sitivity to tamoxifen treatment [62]. Another 
study suggested that MLN4924 may selectively 
inhibit FBXW8 [82]. FBXW7 has multiple onco-
genic targets and functionally heterogene- 
ous isoforms. No direct inhibitors targeting 
FBXW7 have been developed. However, restor-
ing FBXW7 expression via upstream miRNAs, 
such as miR-27a antagonist Compound 9, can 
enhance chemotherapy sensitivity [128, 129]. 
In aggressive breast cancer, the natural prod-
uct honokiol downregulates miR-188-5p, pro-
moting FBXW7-mediated degradation of c-Myc 
and reversing adriamycin resistance [130]. Ab- 
normal activation of protein kinase C (PKC) and 
polo-like kinase 1/2 (PLK1/2) signaling sup-
presses FBXW7 expression [131, 132]. The 
PKC inhibitor J-4 and the PLK1/2 inhibitor 
onvansertib are in preclinical and clinical trials 
respectively [133, 134]. Both can restore the 
tumor suppressor function of FBXW7 in breast 
cancer by inhibiting their respective targets.

In summary, therapeutic strategies targeting 
F-box proteins in breast cancer are diverse, 

including drugs and techniques that directly tar-
get the protein itself, as well as interventions 
aimed at upstream and downstream targets in 
its regulatory network (Table 4). In recent years, 
proteolysis targeting chimera (PROTAC) technol-
ogy has emerged as a research hotspot [135-
138]. It involves constructing a small molecule 
chimera in which one end contains a ligand rec-
ognized by an E3 ligase, and the other end spe-
cifically binds the target protein. These ends 
are connected by a specially designed linker 
[139]. Because F-box proteins and their recog-
nizable ligands are abundant, PROTACs offer 
high design flexibility and diverse targeting 
potential, allowing them to degrade proteins 
considered undruggable. Compared with SMIs, 
PROTAC technology has advantages such as 
strong selectivity, low toxicity, and high bioavail-
ability [135, 140]. It could represent a new 
class of therapeutics for cancer treatment.

Conclusions

F-box proteins, as substrate-recognition sub-
units of the SCF E3 ubiquitin ligase, play multi-
faceted roles in breast cancer [15, 18]. They 
regulate the cell cycle, EMT, stemness, apopto-
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Table 4. Therapeutic strategies targeting F-box proteins in breast cancer

Target Protein Strategy Mechanism Development 
Stage Reference

SKP2 (FBXL1) SMIP004 Direct SKP2 inhibition Preclinical [21, 125]
FBXW2/8 MLN4924  

(Pevonedistat)
Direct FBXW2/8 inhibition Clinical trials 

(phase I/II)
[62, 82, 126, 127]

PLK1/2 Onvansertib Targets PLK1/2 to restore FBXW7 expression  
indirectly

Clinical trials 
(phase I/II)

[64, 134]

PKC J-4 Targets PKC to restore FBXW7 expression indirectly Preclinical [64, 133]
miR-188-5p Honokiol  

(natural product)
Targets upstream regulatory miR-188-5p to  
upregulate FBXW7 indirectly

Preclinical [130]

miR-27a Compound 9 
(RNAi)

Targets upstream regulatory miR-27a to upregu-
late FBXW7 indirectly

Preclinical [128, 129]

Note: Abbreviations: PLK1/2, polo-like kinase 1/2; PKC, protein kinase C; RNAi, RNA interference.

Figure 5. Therapeutic strategies targeting F-box proteins. This figure presents a schematic overview of therapeutic 
strategies targeting F-box proteins, including SMIs, RNAi, and PROTACs. Recently, there are no direct inhibitors 
targeting FBXW7 that have been developed. Honokiol and Compound 9 indirectly upregulate FBXW7 by targeting 
its upstream regulatory microRNAs, miR-188-5p and miR-27a, respectively, thereby suppressing breast cancer pro-
gression. Onvansertib and J-4 inhibit PLK1/2 and PKC respectively, restoring FBXW7 expression in breast cancer. In 
the figure, “√” indicates that relevant studies have been conducted or the approach has entered the corresponding 
stage. “×” indicates that it has not yet entered that stage. “O” indicates that it is currently being studied. Abbrevia-
tions: SMIs, small molecule inhibitors; RNAi, RNA interference; PROTAC, proteolysis targeting chimera; PLK1/2, polo-
like kinase 1/2; PKC, protein kinase C.

sis, and drug resistance, thereby influencing 
tumor progression and treatment outcomes. 
Importantly, their expression and function dif-
fer markedly among molecular subtypes, lead-
ing to context-dependent oncogenic, tumor-
suppressive, or dual roles (Figure 2).

Clinical translation is progressing but remains 
in its infancy. SMIP004 has shown radiosensi-

tizing effects in breast cancer models, support-
ing the therapeutic rationale for targeting 
SKP2. MLN4924 and onvansertib are already 
under Phase I/II evaluation. Other candidates 
such as honokiol, J-4, and Compound 9 are still 
preclinical but provide proof of concept for 
modulating F-box regulatory networks. These 
developments underscore that F-box proteins 
are becoming tangible therapeutic targets, 
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though dedicated breast cancer-specific trials 
are still limited.

Biomarker potential is also noteworthy. High 
SKP2 expression predicts poor survival and 
therapy resistance, while FBXW7 downregula-
tion correlates with metastasis, recurrence, 
and reduced chemosensitivity. Other proteins, 
including FBXL10, FBXL16, and FBXO22, have 
been implicated in endocrine therapy resis-
tance or subtype-specific progression. These 
findings suggest that F-box proteins may ser- 
ve as prognostic and predictive biomarkers. 
However, prospective validation in large clinical 
cohorts is needed before clinical application.

Major challenges remain. F-box proteins lack 
traditional catalytic pockets, making drug de- 
sign difficult, and many exhibit subtype-depen-
dent dual roles. Moreover, their substrate net-
works are incompletely understood. Future ef- 
forts should focus on: (1) multi-omics integra-
tion for precise target identification; (2) rational 
drug design through high-throughput and struc-
ture-based screening; (3) development of new 
PROTACs with improved selectivity and bioa- 
vailability; and (4) combination strategies that 
integrate F-box targeting with chemotherapy 
and radiotherapy to overcome resistance and 
relapse.

In conclusion, F-box proteins are emerging as 
promising biomarkers and therapeutic targets 
in breast cancer. Translational advances, such 
as SMIP004 radiosensitization and MLN4924 
clinical trials, highlight their potential impact. 
With further mechanistic clarification and cli- 
nical validation, targeting F-box proteins is 
expected to become an important part of fu- 
ture breast cancer treatment strategies, ulti-
mately improving prognosis and patient quality 
of life.

Acknowledgements

We would like to express our deepest gratitude 
to Professor You Meng and Professor Wenjie 
Wang for their invaluable guidance and support 
throughout this work. This work was support- 
ed by the Project of the Suzhou Munici- 
pal Health Commission (GSWS2023010), the 
Suzhou Municipal Science and Technology 
Bureau (SKYD2023140), and the Hengrui 
Medicine Clinical Research Fund (JZ2144- 
90202106046).

Disclosure of conflict of interest

None.

Address correspondence to: Dr. Wen-Jie Wang, 
Department of Radiation Oncology, Nanjing Medi- 
cal University Affiliated Suzhou Hospital: Suzhou 
Municipal Hospital, No. 16, Baita West Road, Gusu 
District, Suzhou 215002, Jiangsu, China. Tel: +86-
139-1352-5335; E-mail: suda_wangwenjie@163.
com; You Meng, Department of Thyroid and Breast 
Surgery, Nanjing Medical University Affiliated Suzhou 
Hospital: Suzhou Municipal Hospital, No. 16, Baita 
West Road, Gusu District, Suzhou 215002, Jiangsu, 
China. Tel: +86-139-1277-4015; E-mail: ymeng- 
2025@njmu.edu.cn

References

[1]	 Ji P, Wang X, Yin J, Mou Y, Huang H and Ren Z. 
Selective delivery of curcumin to breast cancer 
cells by self-targeting apoferritin nanocages 
with pH-responsive and low toxicity. Drug Deliv 
2022; 29: 986-996.

[2]	 Britt KL, Cuzick J and Phillips KA. Key steps for 
effective breast cancer prevention. Nat Rev 
Cancer 2020; 20: 417-436.

[3]	 Gao S, Sun P, Wang Z, Jin Y, Sun W, Li X, Duan 
R, Li J and Liu Q. TMEM132E ablation sup-
presses tumor progression and restores 
tamoxifen sensitivity by inducing ERα expres-
sion in triple-negative breast cancer. Genes 
Dis 2024; 12: 101396.

[4]	 Fang K, Jiang S, Xu Z, Luo M and Yan C. Hetero-
geneity of anoikis in triple-negative breast can-
cer subtyping and therapeutic implications. 
Genes Dis 2024; 12: 101255.

[5]	 Long M, Liu X, Huang X, Lu M, Wu X, Weng L, 
Chen Q, Wang X, Zhu L and Chen Z. Alendro-
nate-functionalized hypoxia-responsive poly-
meric micelles for targeted therapy of bone 
metastatic prostate cancer. J Control Release 
2021; 334: 303-317.

[6]	 Gu J, Jiang L, Chen Z and Qi J. A simple nano-
platform of thermo-sensitive liposomes and 
gold nanorods to treat bone metastasis 
through improved chemotherapy combined 
with photothermal therapy. Int J Pharm X 2024; 
8: 100282.

[7]	 Liang Y, Zhang H, Song X and Yang Q. Meta-
static heterogeneity of breast cancer: molecu-
lar mechanism and potential therapeutic tar-
gets. Semin Cancer Biol 2020; 60: 14-27.

[8]	 Li Z, Guo T, Zhao S and Lin M. The therapeutic 
effects of MUC1-C shRNA@Fe(3)O(4) magnetic 
nanoparticles in alternating magnetic fields on 
triple-negative breast cancer. Int J Nanomedi-
cine 2023; 18: 5651-5670.

mailto:suda_wangwenjie@163.com
mailto:suda_wangwenjie@163.com
mailto:ymeng2025@njmu.edu.cn
mailto:ymeng2025@njmu.edu.cn


F-box proteins in breast cancer

8216	 Am J Transl Res 2025;17(10):8203-8221

[9]	 Sui XY, Ma XY, Hou Y, Cao SW, Wang ZQ, Jia LJ, 
Fan L, Shao ZM and Zhang WJ. Elongin B pro-
motes breast cancer progression by ubiquiti-
nating tumor suppressor p14/ARF. Cell Biol 
Toxicol 2024; 40: 24.

[10]	 Li S, He J, Liao X, He Y, Chen R, Chen J, Hu S 
and Sun J. Fbxo22 inhibits metastasis in triple-
negative breast cancer through ubiquitin modi-
fication of KDM5A and regulation of H3K4me3 
demethylation. Cell Biol Toxicol 2023; 39: 
1641-1655.

[11]	 Din MAU, Lin Y, Wang N, Wang B and Mao F. 
Ferroptosis and the ubiquitin-proteasome sys-
tem: exploring treatment targets in cancer. 
Front Pharmacol 2024; 15: 1383203.

[12]	 Cardozo T and Pagano M. The SCF ubiquitin li-
gase: insights into a molecular machine. Nat 
Rev Mol Cell Biol 2004; 5: 739-751.

[13]	 Jin J, Cardozo T, Lovering RC, Elledge SJ, Pa-
gano M and Harper JW. Systematic analysis 
and nomenclature of mammalian F-box pro-
teins. Genes Dev 2004; 18: 2573-2580.

[14]	 Lee EK and Diehl JA. SCFs in the new millen-
nium. Oncogene 2014; 33: 2011-2018.

[15]	 Heo J, Eki R and Abbas T. Deregulation of F-box 
proteins and its consequence on cancer devel-
opment, progression and metastasis. Semin 
Cancer Biol 2016; 36: 33-51.

[16]	 Díaz VM and de Herreros AG. F-box proteins: 
Keeping the epithelial-to-mesenchymal transi-
tion (EMT) in check. Semin Cancer Biol 2016; 
36: 71-79.

[17]	 Yan L, Lin M, Pan S, Assaraf YG, Wang ZW and 
Zhu X. Emerging roles of F-box proteins in can-
cer drug resistance. Drug Resist Updat 2020; 
49: 100673.

[18]	 Tekcham DS, Chen D, Liu Y, Ling T, Zhang Y, 
Chen H, Wang W, Otkur W, Qi H, Xia T, Liu X, 
Piao HL and Liu H. F-box proteins and cancer: 
an update from functional and regulatory 
mechanism to therapeutic clinical prospects. 
Theranostics 2020; 10: 4150-4167.

[19]	 Zhang C, Pan G and Qin JJ. Role of F-box pro-
teins in human upper gastrointestinal tumors. 
Biochim Biophys Acta Rev Cancer 2024; 1879: 
189035.

[20]	 Wang H, Cui J, Bauzon F and Zhu L. A compari-
son between Skp2 and FOXO1 for their cyto-
plasmic localization by Akt1. Cell Cycle 2010; 
9: 1021-1022.

[21]	 Li C, Du L, Ren Y, Liu X, Jiao Q, Cui D, Wen M, 
Wang C, Wei G, Wang Y, Ji A and Wang Q. SKP2 
promotes breast cancer tumorigenesis and ra-
diation tolerance through PDCD4 ubiquitina-
tion. J Exp Clin Cancer Res 2019; 38: 76.

[22]	 Zhang W, Cao L, Sun Z, Xu J, Tang L, Chen W, 
Luo J, Yang F, Wang Y and Guan X. Skp2 is over-
expressed in breast cancer and promotes 

breast cancer cell proliferation. Cell Cycle 
2016; 15: 1344-1351.

[23]	 Liu H, Wang H, Zhang H, Yu M and Tang Y. 
TEX19 increases the levels of CDK4 and pro-
motes breast cancer by disrupting SKP2-medi-
ated CDK4 ubiquitination. Cancer Cell Int 
2024; 24: 207.

[24]	 Chan CH, Li CF, Yang WL, Gao Y, Lee SW, Feng 
Z, Huang HY, Tsai KK, Flores LG, Shao Y, Hazle 
JD, Yu D, Wei W, Sarbassov D, Hung MC, Na-
kayama KI and Lin HK. The Skp2-SCF E3 ligase 
regulates Akt ubiquitination, glycolysis, her-
ceptin sensitivity, and tumorigenesis. Cell 
2012; 149: 1098-1111.

[25]	 Chen BB, Glasser JR, Coon TA, Zou C, Miller HL, 
Fenton M, McDyer JF, Boyiadzis M and Mallam-
palli RK. F-box protein FBXL2 targets cyclin D2 
for ubiquitination and degradation to inhibit 
leukemic cell proliferation. Blood 2012; 119: 
3132-3141.

[26]	 Chen BB, Glasser JR, Coon TA and Mallampalli 
RK. F-box protein FBXL2 exerts human lung tu-
mor suppressor-like activity by ubiquitin-medi-
ated degradation of cyclin D3 resulting in cell 
cycle arrest. Oncogene 2012; 31: 2566-2579.

[27]	 Chen BB, Glasser JR, Coon TA and Mallampalli 
RK. Skp-cullin-F box E3 ligase component 
FBXL2 ubiquitinates Aurora B to inhibit tumori-
genesis. Cell Death Dis 2013; 4: e759.

[28]	 Li LQ, Pan D, Chen H, Zhang L and Xie WJ. F-
box protein FBXL2 inhibits gastric cancer prolif-
eration by ubiquitin-mediated degradation of 
forkhead box M1. FEBS Lett 2016; 590: 445-
452.

[29]	 Zhang L, Chen W, Liu S and Chen C. Targeting 
breast cancer stem cells. Int J Biol Sci 2023; 
19: 552-570.

[30]	 Li F, Niu M, Qin K, Guo R, Yi Y, Xu J, Li L, Xie S, 
Fu M, Wen N, Liao W and Xiao ZJ. FBXL2 pro-
motes E47 protein instability to inhibit breast 
cancer stemness and paclitaxel resistance. 
Oncogene 2023; 42: 339-350.

[31]	 Zhou M, Han S, Aras O and An F. Recent ad-
vances in paclitaxel-based self-delivery nano-
medicine for cancer therapy. Curr Med Chem 
2021; 28: 6358-6374.

[32]	 Zhang L, Cao X, Chen J, Dong Y, Chen W, Gao Y, 
Guo J and Huang H. Co-delivery of siBcl-2 and 
PTX with mitochondria-targeted functions to 
overcoming multidrug resistance. Int J Pharm 
2024; 654: 123970.

[33]	 Tzatsos A, Paskaleva P, Lymperi S, Contino G, 
Stoykova S, Chen Z, Wong KK and Bardeesy N. 
Lysine-specific demethylase 2B (KDM2B)-let-
7-enhancer of zester homolog 2 (EZH2) path-
way regulates cell cycle progression and se-
nescence in primary cells. J Biol Chem 2011; 
286: 33061-33069.



F-box proteins in breast cancer

8217	 Am J Transl Res 2025;17(10):8203-8221

[34]	 Han XR, Zha Z, Yuan HX, Feng X, Xia YK, Lei QY, 
Guan KL and Xiong Y. KDM2B/FBXL10 targets 
c-Fos for ubiquitylation and degradation in re-
sponse to mitogenic stimulation. Oncogene 
2016; 35: 4179-4190.

[35]	 Kottakis F, Foltopoulou P, Sanidas I, Keller P, 
Wronski A, Dake BT, Ezell SA, Shen Z, Naber 
SP, Hinds PW, McNiel E, Kuperwasser C and 
Tsichlis PN. NDY1/KDM2B functions as a mas-
ter regulator of polycomb complexes and con-
trols self-renewal of breast cancer stem cells. 
Cancer Res 2014; 74: 3935-3946.

[36]	 Liang G, He J and Zhang Y. Kdm2b promotes 
induced pluripotent stem cell generation by fa-
cilitating gene activation early in reprogram-
ming. Nat Cell Biol 2012; 14: 457-466.

[37]	 Wang T, Chen K, Zeng X, Yang J, Wu Y, Shi X, 
Qin B, Zeng L, Esteban MA, Pan G and Pei D. 
The histone demethylases Jhdm1a/1b en-
hance somatic cell reprogramming in a vita-
min-C-dependent manner. Cell Stem Cell 
2011; 9: 575-587.

[38]	 Wang L, Wang ZH, Cao NP, Chen B, Huang CJ, 
Yang L and Tian Y. Estrogen-related receptor 
alpha: a novel perspective on skeletal, muscu-
lar, and vascular systems. Biocell 2024; 48: 
191-203.

[39]	 Yang Y, Li S, Li B, Li Y, Xia K, Aman S, Yang Y, 
Ahmad B, Zhao B and Wu H. FBXL10 promotes 
ERRα protein stability and proliferation of 
breast cancer cells by enhancing the mono-
ubiquitylation of ERRα. Cancer Lett 2021; 
502: 108-119.

[40]	 van Agthoven T, Sieuwerts AM, Meijer D, Mei-
jer-van Gelder ME, van Agthoven TL, Sarwari R, 
Sleijfer S, Foekens JA and Dorssers LC. Selec-
tive recruitment of breast cancer anti-estrogen 
resistance genes and relevance for breast can-
cer progression and tamoxifen therapy re-
sponse. Endocr Relat Cancer 2010; 17: 215-
230.

[41]	 Yang Y, Zhao B, Lv L, Yang Y, Li S and Wu H. 
FBXL10 promotes EMT and metastasis of 
breast cancer cells via regulating the acetyla-
tion and transcriptional activity of SNAI1. Cell 
Death Discov 2021; 7: 328.

[42]	 Cui YH, Kim H, Lee M, Yi JM, Kim RK, Uddin N, 
Yoo KC, Kang JH, Choi MY, Cha HJ, Kwon OS, 
Bae IH, Kim MJ, Kaushik N and Lee SJ. FBXL14 
abolishes breast cancer progression by target-
ing CDCP1 for proteasomal degradation. Onco-
gene 2018; 37: 5794-5809.

[43]	 Hayano M, Yang WS, Corn CK, Pagano NC and 
Stockwell BR. Loss of cysteinyl-tRNA synthe-
tase (CARS) induces the transsulfuration path-
way and inhibits ferroptosis induced by cystine 
deprivation. Cell Death Differ 2016; 23: 270-
278.

[44]	 Zhao B, Huo W, Yu X, Shi X, Lv L, Yang Y, Kang 
J, Li S and Wu H. USP13 promotes breast  
cancer metastasis through FBXL14-induced 
Twist1 ubiquitination. Cell Oncol (Dordr) 2023; 
46: 717-733.

[45]	 Kim YJ, Zhao Y, Myung JK, Yi JM, Kim MJ and 
Lee SJ. Suppression of breast cancer progres-
sion by FBXL16 via oxygen-independent regu-
lation of HIF1α stability. Cell Rep 2021; 37: 
109996.

[46]	 Tam SY, Wu VWC and Law HKW. Hypoxia-in-
duced epithelial-mesenchymal transition in 
cancers: HIF-1α and beyond. Front Oncol 
2020; 10: 486.

[47]	 Chen F, Wang L, Feng Y, Ma W, Liu J, Bi Q, Song 
Y, Gao R and Jia Y. F-box and leucine-rich re-
peat protein 16 controls tamoxifen sensitivity 
via regulation of mitochondrial respiration in 
estrogen receptor-positive breast cancer cells. 
Hum Cell 2023; 36: 2087-2098.

[48]	 Feng K, He X, Qin L, Ma Z, Liu S, Jia Z, Ren F, 
Cao H, Wu J, Ma D, Wang X and Xing Z. Con-
struction and validation of a ubiquitination-re-
lated prognostic risk score signature in breast 
cancer. Heliyon 2024; 10: e35553.

[49]	 Elmore S. Apoptosis: a review of programmed 
cell death. Toxicol Pathol 2007; 35: 495-516.

[50]	 Manne RK, Agrawal Y, Malonia SK, Banday S, 
Edachery S, Patel A, Kumar A, Shetty P and 
Santra MK. FBXL20 promotes breast cancer 
malignancy by inhibiting apoptosis through 
degradation of PUMA and BAX. J Biol Chem 
2021; 297: 101253.

[51]	 Liang Y, Qian Y, Tang J, Yao C, Yu S, Qu J, Wei H, 
Chen G and Han Y. Arsenic trioxide promotes 
ERK1/2-mediated phosphorylation and degra-
dation of BIM(EL) to attenuate apoptosis in 
BEAS-2B cells. Chem Biol Interact 2023; 369: 
110304.

[52]	 Choppara S, Malonia SK, Sankaran G, Green 
MR and Santra MK. Degradation of FBXO31 by 
APC/C is regulated by AKT- and ATM-mediated 
phosphorylation. Proc Natl Acad Sci U S A 
2018; 115: 998-1003.

[53]	 Brunner A, Li Q, Fisicaro S, Kourtesakis A, Viil-
iäinen J, Johansson HJ, Pandey V, Mayank AK, 
Lehtiö J, Wohlschlegel JA, Spruck C, Rantala 
JK, Orre LM and Sangfelt O. FBXL12 degrades 
FANCD2 to regulate replication recovery and 
promote cancer cell survival under conditions 
of replication stress. Mol Cell 2023; 83: 3720-
3739, e3728.

[54]	 Xu J, Zhou W, Yang F, Chen G, Li H, Zhao Y, Liu 
P, Li H, Tan M, Xiong X and Sun Y. The β-TrCP-
FBXW2-SKP2 axis regulates lung cancer cell 
growth with FBXW2 acting as a tumour sup-
pressor. Nat Commun 2017; 8: 14002.

[55]	 Yang F, Xu J, Li H, Tan M, Xiong X and Sun Y. 
FBXW2 suppresses migration and invasion of 



F-box proteins in breast cancer

8218	 Am J Transl Res 2025;17(10):8203-8221

lung cancer cells via promoting β-catenin ubiq-
uitylation and degradation. Nat Commun 
2019; 10: 1382.

[56]	 Xia S, Ji L, Tao L, Pan Y, Lin Z, Wan Z, Pan H, 
Zhao J, Cai L, Xu J and Cai X. TAK1 Is a Novel 
Target in Hepatocellular Carcinoma and Con-
tributes to Sorafenib Resistance. Cell Mol Gas-
troenterol Hepatol 2021; 12: 1121-1143.

[57]	 Ren C, Han X, Lu C, Yang T, Qiao P, Sun Y and 
Yu Z. Ubiquitination of NF-κB p65 by FBXW2 
suppresses breast cancer stemness, tumori-
genesis, and paclitaxel resistance. Cell Death 
Differ 2022; 29: 381-392.

[58]	 Zhou T, Chen T, Lai B, Zhang W, Luo X, Xia D, Fu 
W and Xu J. FBXW2 inhibits prostate cancer 
proliferation and metastasis via promoting 
EGFR ubiquitylation and degradation. Cell Mol 
Life Sci 2022; 79: 268.

[59]	 Barik GK, Sahay O, Mukhopadhyay A, Manne 
RK, Islam S, Roy A, Nath S and Santra MK. 
FBXW2 suppresses breast tumorigenesis by 
targeting AKT-Moesin-SKP2 axis. Cell Death 
Dis 2023; 14: 623.

[60]	 Dimitrakopoulos FD, Kottorou AE, Kalofonou M 
and Kalofonos HP. The fire within: NF-κB in-
volvement in non-small cell lung cancer. Can-
cer Res 2020; 80: 4025-4036.

[61]	 Dong QG, Sclabas GM, Fujioka S, Schmidt C, 
Peng B, Wu T, Tsao MS, Evans DB, Abbruzzese 
JL, McDonnell TJ and Chiao PJ. The function of 
multiple IkappaB : NF-kappaB complexes in 
the resistance of cancer cells to Taxol-induced 
apoptosis. Oncogene 2002; 21: 6510-6519.

[62]	 Yin Y, Xie CM, Li H, Tan M, Chen G, Schiff R, 
Xiong X and Sun Y. The FBXW2-MSX2-SOX2 
axis regulates stem cell property and drug re-
sistance of cancer cells. Proc Natl Acad Sci U S 
A 2019; 116: 20528-20538.

[63]	 Piva M, Domenici G, Iriondo O, Rábano M, 
Simões BM, Comaills V, Barredo I, López-Ruiz 
JA, Zabalza I, Kypta R and Vivanco M. Sox2 pro-
motes tamoxifen resistance in breast cancer 
cells. EMBO Mol Med 2014; 6: 66-79.

[64]	 Chen S, Leng P, Guo J and Zhou H. FBXW7 in 
breast cancer: mechanism of action and thera-
peutic potential. J Exp Clin Cancer Res 2023; 
42: 226.

[65]	 Yeh CH, Bellon M and Nicot C. FBXW7: a critical 
tumor suppressor of human cancers. Mol Can-
cer 2018; 17: 115.

[66]	 Onoyama I, Nakayama S, Shimizu H and Na-
kayama KI. Loss of Fbxw7 impairs develop-
ment of and induces heterogeneous tumor 
formation in the mouse mammary gland. Can-
cer Res 2020; 80: 5515-5530.

[67]	 Yumimoto K, Akiyoshi S, Ueo H, Sagara Y, On-
oyama I, Ueo H, Ohno S, Mori M, Mimori K and 
Nakayama KI. F-box protein FBXW7 inhibits 

cancer metastasis in a non-cell-autonomous 
manner. J Clin Invest 2015; 125: 621-635.

[68]	 Carrieri FA and Dale JK. Turn it down a notch. 
Front Cell Dev Biol 2017; 4: 151.

[69]	 Zhao J, Wang Y, Mu C, Xu Y and Sang J. MA-
GEA1 interacts with FBXW7 and regulates 
ubiquitin ligase-mediated turnover of NICD1 in 
breast and ovarian cancer cells. Oncogene 
2017; 36: 5023-5034.

[70]	 Balamurugan K, Wang JM, Tsai HH, Sharan S, 
Anver M, Leighty R and Sterneck E. The tumour 
suppressor C/EBPδ inhibits FBXW7 expression 
and promotes mammary tumour metastasis. 
EMBO J 2010; 29: 4106-4117.

[71]	 Lerner M, Lundgren J, Akhoondi S, Jahn A, Ng 
HF, Akbari Moqadam F, Oude Vrielink JA, Agami 
R, Den Boer ML, Grandér D and Sangfelt O. 
MiRNA-27a controls FBW7/hCDC4-dependent 
cyclin E degradation and cell cycle progres-
sion. Cell Cycle 2011; 10: 2172-2183.

[72]	 Aldaalis A, Bengoechea-Alonso MT and Erics-
son J. The SREBP-dependent regulation of cy-
clin D1 coordinates cell proliferation and lipid 
synthesis. Front Oncol 2022; 12: 942386.

[73]	 Ding XQ, Zhao S, Yang L, Zhao X, Zhao GF, Zhao 
SP, Li ZJ and Zheng HC. The nucleocytoplasmic 
translocation and up-regulation of ING5 pro-
tein in breast cancer: a potential target for 
gene therapy. Oncotarget 2017; 8: 81953-
81966.

[74]	 Wu X, Chen H, Wu M, Peng S and Zhang L. 
Downregulation of miR-182-5p inhibits the 
proliferation and invasion of triple-negative 
breast cancer cells through regulating TLR4/
NF-κB pathway activity by targeting FBXW7. 
Ann Transl Med 2020; 8: 995.

[75]	 Meyer AE, Furumo Q, Stelloh C, Minella AC and 
Rao S. Loss of Fbxw7 triggers mammary tu-
morigenesis associated with E2F/c-Myc acti-
vation and Trp53 mutation. Neoplasia 2020; 
22: 644-658.

[76]	 Li J, Rodriguez Y, Cheng C, Zeng L, Wong EYM, 
Xu CY, Zhou MM and Xu PX. EYA1’s conforma-
tion specificity in dephosphorylating phos-
phothreonine in Myc and its activity on Myc 
stabilization in breast cancer. Mol Cell Biol 
2016; 37: e00499-16. 

[77]	 Ann EJ, Kim MY, Yoon JH, Ahn JS, Jo EH, Lee HJ, 
Lee HW, Kang HG, Choi DW, Chun KH, Lee JS, 
Choi CY, Ferrando AA, Lee K and Park HS. Tu-
mor suppressor HIPK2 regulates malignant 
growth via phosphorylation of Notch1. Cancer 
Res 2016; 76: 4728-4740.

[78]	 Gasca J, Flores ML, Giráldez S, Ruiz-Borrego 
M, Tortolero M, Romero F, Japón MA and Sáez 
C. Loss of FBXW7 and accumulation of MCL1 
and PLK1 promote paclitaxel resistance in 
breast cancer. Oncotarget 2016; 7: 52751-
52765.



F-box proteins in breast cancer

8219	 Am J Transl Res 2025;17(10):8203-8221

[79]	 Mun GI, Choi E, Lee Y and Lee YS. Decreased 
expression of FBXW7 by ERK1/2 activation in 
drug-resistant cancer cells confers transcrip-
tional activation of MDR1 by suppression of 
ubiquitin degradation of HSF1. Cell Death Dis 
2020; 11: 395.

[80]	 Liu Y, Ren S, Castellanos-Martin A, Perez-Losa-
da J, Kwon YW, Huang Y, Wang Z, Abad M, 
Cruz-Hernandez JJ, Rodriguez CA, Sun Y and 
Mao JH. Multiple novel alternative splicing 
forms of FBXW7α have a translational modula-
tory function and show specific alteration in 
human cancer. PLoS One 2012; 7: e49453.

[81]	 Colaluca IN, Tosoni D, Nuciforo P, Senic-Matug-
lia F, Galimberti V, Viale G, Pece S and Di Fiore 
PP. NUMB controls p53 tumour suppressor ac-
tivity. Nature 2008; 451: 76-80.

[82]	 Sabbioni S, Filippone MG, Amadori L, Confal-
onieri S, Bonfanti R, Capoano S, Colaluca IN, 
Freddi S, Bertalot G, Fagà G, Zagarrí E, Varasi 
M, Gunby RH, Mercurio C, Pece S, Di Fiore PP 
and Tosoni D. The CRL7(FBXW8) complex con-
trols the mammary stem cell compartment 
through regulation of NUMB levels. Adv Sci 
(Weinh) 2025; 12: e2405812.

[83]	 Yu S, Liang Z, Fan Z, Cao B, Wang N, Wu R and 
Sun H. A comprehensive analysis revealing 
FBXW9 as a potential prognostic and immuno-
logical biomarker in breast cancer. Int J Mol Sci 
2023; 24: 5262.

[84]	 Zheng H, Shen M, Zha YL, Li W, Wei Y, Blanco 
MA, Ren G, Zhou T, Storz P, Wang HY and Kang 
Y. PKD1 phosphorylation-dependent degrada-
tion of SNAIL by SCF-FBXO11 regulates epithe-
lial-mesenchymal transition and metastasis. 
Cancer Cell 2014; 26: 358-373.

[85]	 Bagger SO, Hopkinson BM, Pandey DP, Bak M, 
Brydholm AV, Villadsen R, Helin K, Rønnov-Jes-
sen L, Petersen OW and Kim J. Aggressiveness 
of non-EMT breast cancer cells relies on 
FBXO11 activity. Mol Cancer 2018; 17: 171.

[86]	 Zhao Y, Shim N, Cui YH, Kang JH, Yoo KC, Kim 
S, Yi JM, Kim MJ, Yoon JH and Lee SJ. FBXO15 
plays a critical suppressive functional role in 
regulation of breast cancer progression. Signal 
Transduct Target Ther 2021; 6: 211.

[87]	 Yang B, Kuai F, Chen Z, Fu D, Liu J, Wu Y and 
Zhong J. miR-634 Decreases the Radioresis-
tance of Human Breast Cancer Cells by Target-
ing STAT3. Cancer Biother Radiopharm 2020; 
35: 241-248.

[88]	 Xu F, Lu S, Jia X and Zhou Y. Bromodomain pro-
tein 4 mediates the roles of TGFβ1-induced 
Stat3 signaling in mouse liver fibrogenesis. 
Toxicol Lett 2023; 385: 42-50.

[89]	 Cheng J, Lin M, Chu M, Gong L, Bi Y and Zhao 
Y. Emerging role of FBXO22 in carcinogenesis. 
Cell Death Discov 2020; 6: 66.

[90]	 Sun R, Xie HY, Qian JX, Huang YN, Yang F, 
Zhang FL, Shao ZM and Li DQ. FBXO22 pos-
sesses both protumorigenic and antimetastat-
ic roles in breast cancer progression. Cancer 
Res 2018; 78: 5274-5286.

[91]	 Bai J, Wu K, Cao MH, Yang Y, Pan Y, Liu H, He Y, 
Itahana Y, Huang L, Zheng JN and Pan ZQ. 
SCF(FBXO22) targets HDM2 for degradation 
and modulates breast cancer cell invasion and 
metastasis. Proc Natl Acad Sci U S A 2019; 
116: 11754-11763.

[92]	 Johmura Y, Maeda I, Suzuki N, Wu W, Goda A, 
Morita M, Yamaguchi K, Yamamoto M, Nagas-
awa S, Kojima Y, Tsugawa K, Inoue N, Miyoshi 
Y, Osako T, Akiyama F, Maruyama R, Inoue JI, 
Furukawa Y, Ohta T and Nakanishi M. Fbxo22-
mediated KDM4B degradation determines se-
lective estrogen receptor modulator activity in 
breast cancer. J Clin Invest 2018; 128: 5603-
5619.

[93]	 Zheng M, Wu L, Xiao R, Cai J, Chen W and Shen 
S. Fbxo45 facilitates the malignant progres-
sion of breast cancer by targeting Bim for ubiq-
uitination and degradation. BMC Cancer 2024; 
24: 619.

[94]	 Kim HY, Kim YM and Hong S. DNAJB9 sup-
presses the metastasis of triple-negative 
breast cancer by promoting FBXO45-mediated 
degradation of ZEB1. Cell Death Dis 2021; 12: 
461.

[95]	 Xu J, Guo R, Wen N, Li L, Yi Y, Chen J, He Z, 
Yang J, Xiao ZJ and Niu M. FBXO3 stabilizes 
USP4 and Twist1 to promote PI3K-mediated 
breast cancer metastasis. PLoS Biol 2023; 21: 
e3002446.

[96]	 Dong B, Song X, Wang X, Dai T, Wang J, Yu Z, 
Deng J, Evers BM and Wu Y. FBXO24 suppress-
es breast cancer tumorigenesis by targeting 
LSD1 for ubiquitination. Mol Cancer Res 2023; 
21: 1303-1316.

[97]	 Tong Y, Wang X, Li R, Xu X, Dai M, Wang N, Fan 
B, Feng S and Ma T. LSD1 is a promising target 
to treat cancers by modulating cell stemness. 
Biochem Pharmacol 2024; 229: 116549.

[98]	 Kumar R, Neilsen PM, Crawford J, McKirdy R, 
Lee J, Powell JA, Saif Z, Martin JM, Lombaerts 
M, Cornelisse CJ, Cleton-Jansen AM and Callen 
DF. FBXO31 is the chromosome 16q24.3 se-
nescence gene, a candidate breast tumor sup-
pressor, and a component of an SCF complex. 
Cancer Res 2005; 65: 11304-11313.

[99]	 Fang R, Sha C, Xie Q, Yao D and Yao M. Altera-
tions of Krüppel-like factor signaling and po-
tential targeted therapy for hepatocellular car-
cinoma. Anticancer Agents Med Chem 2025; 
25: 75-85.

[100]	Zhou H, Liu Y, Zhu R, Ding F, Wan Y, Li Y and Liu 
Z. FBXO32 suppresses breast cancer tumori-
genesis through targeting KLF4 to proteasom-



F-box proteins in breast cancer

8220	 Am J Transl Res 2025;17(10):8203-8221

al degradation. Oncogene 2017; 36: 3312-
3321.

[101]	Liu Y, Pan B, Qu W, Cao Y, Li J and Zhao H. Sys-
tematic analysis of the expression and progno-
sis relevance of FBXO family reveals the signifi-
cance of FBXO1 in human breast cancer. 
Cancer Cell Int 2021; 21: 130.

[102]	Paul D, Islam S, Manne RK, Dinesh US, Malo-
nia SK, Maity B, Boppana R, Rapole S, Shetty 
PK and Santra MK. F-box protein FBXO16 func-
tions as a tumor suppressor by attenuating 
nuclear β-catenin function. J Pathol 2019; 
248: 266-279.

[103]	Cepeda D, Ng HF, Sharifi HR, Mahmoudi S, Cer-
rato VS, Fredlund E, Magnusson K, Nilsson H, 
Malyukova A, Rantala J, Klevebring D, Viñals F, 
Bhaskaran N, Zakaria SM, Rahmanto AS, Gro-
tegut S, Nielsen ML, Szigyarto CA, Sun D, Le-
rner M, Navani S, Widschwendter M, Uhlén M, 
Jirström K, Pontén F, Wohlschlegel J, Grandér 
D, Spruck C, Larsson LG and Sangfelt O. CDK-
mediated activation of the SCF(FBXO) (28) 
ubiquitin ligase promotes MYC-driven tran-
scription and tumourigenesis and predicts 
poor survival in breast cancer. EMBO Mol Med 
2013; 5: 1067-1086.

[104]	Hydbring P, Malumbres M and Sicinski P. Non-
canonical functions of cell cycle cyclins and 
cyclin-dependent kinases. Nat Rev Mol Cell 
Biol 2016; 17: 280-292.

[105]	Zheng N, Wang Z and Wei W. Ubiquitination-
mediated degradation of cell cycle-related pro-
teins by F-box proteins. Int J Biochem Cell Biol 
2016; 73: 99-110.

[106]	Carrano AC, Eytan E, Hershko A and Pagano M. 
SKP2 is required for ubiquitin-mediated degra-
dation of the CDK inhibitor p27. Nat Cell Biol 
1999; 1: 193-199.

[107]	Bornstein G, Bloom J, Sitry-Shevah D, Nakaya-
ma K, Pagano M and Hershko A. Role of the 
SCFSkp2 ubiquitin ligase in the degradation of 
p21Cip1 in S phase. J Biol Chem 2003; 278: 
25752-25757.

[108]	Kamura T, Hara T, Kotoshiba S, Yada M, Ishida 
N, Imaki H, Hatakeyama S, Nakayama K and 
Nakayama KI. Degradation of p57Kip2 medi-
ated by SCFSkp2-dependent ubiquitylation. 
Proc Natl Acad Sci U S A 2003; 100: 10231-
10236.

[109]	Nakayama K, Nagahama H, Minamishima YA, 
Matsumoto M, Nakamichi I, Kitagawa K, Shi-
rane M, Tsunematsu R, Tsukiyama T, Ishida N, 
Kitagawa M, Nakayama K and Hatakeyama S. 
Targeted disruption of Skp2 results in accumu-
lation of cyclin E and p27(Kip1), polyploidy and 
centrosome overduplication. EMBO J 2000; 
19: 2069-2081.

[110]	Yu ZK, Gervais JL and Zhang H. Human CUL-1 
associates with the SKP1/SKP2 complex and 

regulates p21(CIP1/WAF1) and cyclin D pro-
teins. Proc Natl Acad Sci U S A 1998; 95: 
11324-11329.

[111]	Strohmaier H, Spruck CH, Kaiser P, Won KA, 
Sangfelt O and Reed SI. Human F-box protein 
hCdc4 targets cyclin E for proteolysis and is 
mutated in a breast cancer cell line. Nature 
2001; 413: 316-322.

[112]	Dolly SO, Gurden MD, Drosopoulos K, Clarke P, 
de Bono J, Kaye S, Workman P and Linardo-
poulos S. RNAi screen reveals synthetic lethal-
ity between cyclin G-associated kinase and 
FBXW7 by inducing aberrant mitoses. Br J Can-
cer 2017; 117: 954-964.

[113]	Takada M, Zhang W, Suzuki A, Kuroda TS, Yu Z, 
Inuzuka H, Gao D, Wan L, Zhuang M, Hu L, Zhai 
B, Fry CJ, Bloom K, Li G, Karpen GH, Wei W and 
Zhang Q. FBW7 loss promotes chromosomal 
instability and tumorigenesis via Cyclin E1/
CDK2-mediated phosphorylation of CENP-A. 
Cancer Res 2017; 77: 4881-4893.

[114]	Manzione MG, Rombouts J, Steklov M, Pasqua-
li L, Sablina A, Gelens L, Qian J and Bollen M. 
Co-regulation of the antagonistic RepoMan: 
Aurora-B pair in proliferating cells. Mol Biol Cell 
2020; 31: 419-438.

[115]	Lamouille S, Xu J and Derynck R. Molecular 
mechanisms of epithelial-mesenchymal transi-
tion. Nat Rev Mol Cell Biol 2014; 15: 178-196.

[116]	Kalluri R and Weinberg RA. The basics of epi-
thelial-mesenchymal transition. J Clin Invest 
2009; 119: 1420-1428.

[117]	Balamurugan K, Mendoza-Villanueva D, Sha- 
ran S, Summers GH, Dobrolecki LE, Lewis MT 
and Sterneck E. C/EBPδ links IL-6 and HIF-1 
signaling to promote breast cancer stem cell-
associated phenotypes. Oncogene 2019; 38: 
3765-3780.

[118]	Wang Y, Shi S, Wang Y, Zhang X, Liu X, Li J, Li P, 
Du L and Wang C. miR-223-3p targets FBXW7 
to promote epithelial-mesenchymal transition 
and metastasis in breast cancer. Thorac Can-
cer 2022; 13: 474-482.

[119]	Zhao Y, Zhao W, Lim YC and Liu T. Salinomycin-
loaded gold nanoparticles for treating cancer 
stem cells by ferroptosis-induced cell death. 
Mol Pharm 2019; 16: 2532-2539.

[120]	Zhu L and Lin M. The Synthesis of nano-doxo-
rubicin and its anticancer effect. Anticancer 
Agents Med Chem 2021; 21: 2466-2477.

[121]	Yu W, Xu H, Sun Z, Du Y, Sun S, Abudureyimu 
M, Zhang M, Tao J, Ge J, Ren J and Zhang Y. 
TBC1D15 deficiency protects against doxorubi-
cin cardiotoxicity via inhibiting DNA-PKcs cyto-
solic retention and DNA damage. Acta Pharm 
Sin B 2023; 13: 4823-4839.

[122]	Sharma A, Thacker G, Mishra M, Singh AK, 
Upadhyay V, Sanyal S and Trivedi AK. SOX4-
mediated FBW7 transcriptional upregulation 



F-box proteins in breast cancer

8221	 Am J Transl Res 2025;17(10):8203-8221

confers Tamoxifen resistance in ER+ breast 
cancers via GATA3 downregulation. Life Sci 
2022; 303: 120682.

[123]	Paramore A and Frantz S. Bortezomib. Nat Rev 
Drug Discov 2003; 2: 611-612.

[124]	Adams J. The development of proteasome in-
hibitors as anticancer drugs. Cancer Cell 
2004; 5: 417-421.

[125]	Wang D, Xu X, Wu Y, Lin Y, Gao M, Hu P, Chen 
D, Lu X, Chen Z, Wang H and Huang C. 
SMIP004: A compound with antidepressant-
like activities in mouse models. Eur J Pharma-
col 2019; 843: 260-267.

[126]	Zhou L, Zhang W, Sun Y and Jia L. Protein ned-
dylation and its alterations in human cancers 
for targeted therapy. Cell Signal 2018; 44: 92-
102.

[127]	Zhao Y, Morgan MA and Sun Y. Targeting Ned-
dylation pathways to inactivate cullin-RING li-
gases for anticancer therapy. Antioxid Redox 
Signal 2014; 21: 2383-2400.

[128]	Jiang G, Shi W, Fang H and Zhang X. miR‑27a 
promotes human breast cancer cell migration 
by inducing EMT in a FBXW7‑dependent man-
ner. Mol Med Rep 2018; 18: 5417-5426.

[129]	Benhamou RI, Suresh BM, Tong Y, Cochrane 
WG, Cavett V, Vezina-Dawod S, Abegg D, Childs-
Disney JL, Adibekian A, Paegel BM and Disney 
MD. DNA-encoded library versus RNA-encoded 
library selection enables design of an onco-
genic noncoding RNA inhibitor. Proc Natl Acad 
Sci U S A 2022; 119: e2114971119.

[130]	Yi X, Lou L, Wang J, Xiong J and Zhou S. Ho-
nokiol antagonizes doxorubicin resistance in 
human breast cancer via miR-188-5p/FBXW7/
c-Myc pathway. Cancer Chemother Pharmacol 
2021; 87: 647-656.

[131]	Cizmecioglu O, Krause A, Bahtz R, Ehret L, 
Malek N and Hoffmann I. Plk2 regulates centri-
ole duplication through phosphorylation-medi-
ated degradation of Fbxw7 (human Cdc4). J 
Cell Sci 2012; 125: 981-992.

[132]	Durgan J and Parker PJ. Regulation of the tu-
mour suppressor Fbw7α by PKC-dependent 
phosphorylation and cancer-associated muta-
tions. Biochem J 2010; 432: 77-87.

[133]	Li H, Wu J, Ying G, Chen L, Lai L, Liu Z, Zhang N 
and Guo H. J-4: a novel and typical preclinical 
anticancer drug targeting protein kinase C ζ. 
Anticancer Drugs 2012; 23: 691-697.

[134]	Zeidan AM, Ridinger M, Lin TL, Becker PS, 
Schiller GJ, Patel PA, Spira AI, Tsai ML, Samuël-
sz E, Silberman SL, Erlander M and Wang ES. A 
phase Ib study of onvansertib, a novel oral 
PLK1 inhibitor, in combination therapy for pa-
tients with relapsed or refractory acute my-
eloid leukemia. Clin Cancer Res 2020; 26: 
6132-6140.

[135]	Khan S, He Y, Zhang X, Yuan Y, Pu S, Kong Q, 
Zheng G and Zhou D. PROteolysis TArgeting 
Chimeras (PROTACs) as emerging anticancer 
therapeutics. Oncogene 2020; 39: 4909-
4924.

[136]	Hu M, Zhou W, Wang Y, Yao D, Ye T, Yao Y, Chen 
B, Liu G, Yang X, Wang W and Xie Y. Discovery 
of the first potent proteolysis targeting chimera 
(PROTAC) degrader of indoleamine 2,3-dioxy-
genase 1. Acta Pharm Sin B 2020; 10: 1943-
1953.

[137]	Chen L, Wan X, Shan X, Zha W and Fan R. 
Smart PROTACs enable controllable protein 
degradation for precision cancer therapy. Mol 
Diagn Ther 2022; 26: 283-291.

[138]	Yao D, Li T, Yu L, Hu M, He Y, Zhang R, Wu J, Li 
S, Kuang W, Yang X, Liu G and Xie Y. Selective 
degradation of hyperphosphorylated tau by 
proteolysis-targeting chimeras ameliorates 
cognitive function in Alzheimer’s disease mod-
el mice. Front Pharmacol 2024; 15: 1351792.

[139]	Gu S, Cui D, Chen X, Xiong X and Zhao Y. PROT-
ACs: an emerging targeting technique for pro-
tein degradation in drug discovery. Bioessays 
2018; 40: e1700247.

[140]	Yu Q, Xiong X and Sun Y. Targeting Cullin-RING 
E3 ligases for anti-cancer therapy: efforts on 
drug discovery. Zhejiang Da Xue Xue Bao Yi 
Xue Ban 2011; 49: 1-19.


