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The high incidence and mortality rates of breast cancer (BC) continue to pose a
significant threat to patient survival and life expectancy. An increasing number of
recent studies have demonstrated the crucial role of the ubiquitin-proteasome
system (UPS) in cancer initiation and progression. Of particular significance is the
aberrant expression of the NEDD4 family, which belongs to the HECT-type
E3 ubiquitin ligases, in BC progression. This review synthesizes current
knowledge about the interactions between the NEDD4 family and various
tumor-related signaling pathways and their roles in BC biology, providing a
theoretical foundation for exploring novel prognostic markers and treatment
strategies.
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1 Introduction

Breast cancer (BC) maintains the highest incidence and mortality rates among cancers
in the global female population (Siegel et al., 2024). This disease poses a formidable threat to
women’s health and survival. While chemotherapy remains the primary treatment option
for patients with intermediate to advanced stages of BC, the development of chemotherapy
resistance presents a persistent challenge for both healthcare providers and patients. This
situation underscores the urgent need for novel therapeutic strategies.

Ubiquitination, a major form of post-translational protein modification, involves the
covalent attachment of ubiquitin to target proteins through a cascade of enzymatic
reactions (Swatek and Komander, 2016). The ubiquitin-proteasome system (UPS)
comprises ubiquitin (Ub), E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating
enzyme, E3 ubiquitin ligase, and the 26S proteasome. This system plays an essential role
in cellular protein degradation and maintaining protein homeostasis (Schwartz and
Ciechanover, 1999). Within this system, E3 ubiquitin ligases are crucial as they provide
substrate specificity through binding to selective substrates (Hershko et al., 1983). The
NEDD4 family, belonging to HECT E3 ubiquitin ligases, includes nine mammalian
members: NEDD4-1, NEDD4L, WWP1/2, Smurf1/2, ITCH (AIP4), and NEDL1/2
(Ingham et al., 2004). As illustrated in Figure 1, these proteins share a characteristic
three-component structure: an N-terminal C2 domain for cellular localization, two to
four central WW domains that recognize substrate PY motifs, and a C-terminal HECT
domain that binds Ub (Ingham et al., 2004; Chen and Matesic, 2007; Harvey and
Kumar, 1999).

The NEDD4 family regulates substrate levels through the UPS and plays a role in a
variety of cellular functions (Wang et al., 2020) (Figure 2). In addition, these proteins also
influence cellular processes through mediating substrate ubiquitination and stabilization,
facilitating targeted transport, and promoting lysosomal pathway-mediated degradation
(Harvey and Kumar, 1999; Rotin and Kumar, 2009; Rotin and Prag, 2024). Studies have
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demonstrated elevated NEDD4-1 expression in BC tissues relative to
normal breast tissues, with NEDD4-1 enhancing BC cell
proliferation, migration, and stem cell characteristics (Jung et al.,
2013; Wan et al., 2019; Jeon et al., 2020). Similarly, WWP1 shows
upregulation in both BC cells and primary BC tissue, and its
knockdown suppresses cell proliferation and activates apoptotic
pathways (Chen et al., 2007; Nguyen Huu et al., 2008). In triple-
negative breast cancer (TNBC), ITCH expression exceeds that found
in luminal BC cells and normal mammary epithelial cells.
Immunohistochemistry (IHC) analysis of human BC pathological
tissue reveals significantly higher nuclear ITCH expression in TNBC
compared to the luminal subtype. Furthermore, ITCH nuclear
expression is elevated in metastatic lymph nodes compared to

paired primary BC or normal breast tissue (Chang et al., 2019).
This aberrant expression pattern of NEDD4 family members
suggests their significant role in BC progression. To enhance our
understanding of the role that the NEDD4 family plays in BC, this
review provides an overview and summarizes the molecular
mechanisms by which the NEDD4 family contributes to BC
progression. Additionally, our analysis reveals that
NEDD4 proteins may serve as potential prognostic markers for
BC patients. Furthermore, we summarize the upstream regulatory
mechanisms of the NEDD4 family, which provide insights for
developing NEDD4-targeted strategies. This review addresses the
knowledge gap regarding the multidimensional mechanisms of the
NEDD4 family in BC.

FIGURE 1
The structure of the NEDD4 family. The C2 domain is responsible for subcellular localization, the WW domain is responsible for substrate
recognition, and the HECT domain is responsible for binding Ub.

FIGURE 2
The NEDD4 family facilitates the degradation of substrates through UPS. Utilizing energy from ATP, the ubiquitin-activating enzyme E1 activates and
binds to Ub. The activated Ub is then transferred from E1 to the ubiquitin-conjugating enzyme E2, which presents the Ub to the NEDD4 ligase.
Subsequently, NEDD4 transfers the Ub to the specific substrate protein. Finally, the ubiquitin-labeled substrate is degraded by the 26S proteasome.
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2 Roles and molecular mechanisms of
the NEDD4 family in BC

The substrate proteins of the NEDD4 family are involved in a
range of classical signaling pathways associated with BC, including
PI3K/AKT, Hippo, EGFR, TGF-β, NOTCH, and others (Figure 3).
By interacting with these BC-associated pathways, NEDD4 proteins
play important roles in BC tumorigenesis, cell proliferation,
metastasis, ferroptosis, cancer stem cells (CSCs), and drug
resistance.

2.1 Tumorigenesis

A combination of altered intrinsic genetic and epigenetic
profiles, along with external signals, drives tumorigenesis (Zhang
S. et al., 2024). The PI3K/AKT pathway, an intracellular signaling
cascade, orchestrates cell metabolism, survival, proliferation,
apoptosis, and motility through downstream substrate
phosphorylation (Fresno Vara et al., 2004). Its dysregulation is
strongly implicated in BC development (Guerrero-Zotano et al.,
2016), and targeting PI3K/AKT pathway components has emerged
as a significant therapeutic strategy (Nunnery and Mayer, 2020; Dey
et al., 2017; Sharma et al., 2019). Phosphatase and tensin homolog
(PTEN), a key tumor suppressor, negatively regulates the PI3K/AKT
pathway (Stambolic et al., 1998). NEDD4-1 promotes carcinogenesis
by mediating the proteasomal degradation of PTEN (Wang et al.,
2007). By contrast, Rak, a nuclear tyrosine kinase, functions as a
tumor suppressor in BC (Yim et al., 2009a). Yim et al. demonstrated
that Rak attenuates the binding of PTEN to NEDD4-1 by
phosphorylating PTEN, thereby inhibiting its degradation and
preserving its anti-tumorigenic effects on BC cells (Yim et al.,

2009b). Notably, NEDD4-1 does not affect PTEN ubiquitination
or stability in mouse fibroblasts (Fouladkou et al., 2008), possibly
due to the presence of proteins like Rak in non-cancerous cells,
which impairs the regulatory effect of NEDD4-1 on PTEN (Yim
et al., 2009b). Copper ions enter cells through the copper transporter
protein CTR1 and bind to PDK1, activating the AKT signaling
pathway and promoting carcinogenesis. NEDD4L counteracts this
process by mediating CTR1 degradation via the UPS, thereby
suppressing the PDK1-AKT pathway and inhibiting BC
progression (Guo et al., 2021).

The Hippo signaling pathway, an evolutionarily conserved
network, regulates crucial biological processes including
tumorigenesis, cell proliferation, differentiation, survival, organ
size, and tissue homeostasis through kinase cascades (Ma et al.,
2019). In mammals, this pathway comprises key components
including mammalian STE20-like kinases 1 and 2 (MST1/2),
Salvador homolog 1 (SAV1), large tumor suppressor kinases
1 and 2 (LATS1/2), Yes-associated protein 1 (YAP), and WW
domain-containing transcription regulator 1 (TAZ) (Ma et al.,
2019). Upon pathway activation, MST1/2 and SAV1 form a
complex that phosphorylates and activates LATS1/2, which then
phosphorylates downstream transcriptional co-activators YAP and
TAZ, repressing their nuclear translocation and transcriptional
activity (Badouel and McNeill, 2011; Fu et al., 2022; Zhao et al.,
2011; Zhao et al., 2007). The inactivation of LATS1/2 initiates basal-
like BC that is dependent on the activity of YAP and TAZ (Kern
et al., 2022). ITCH, the first identified negative regulator of LATS1,
promotes cancer cell proliferation by mediating the degradation of
LATS1 and enhancing the nuclear translocation of YAP (Ho et al.,
2011). Its overexpression facilitates the transformation, survival, and
epithelial-mesenchymal transition (EMT) of normal mammary
epithelial cells by inhibiting LATS1 and stabilizing YAP (Salah

FIGURE 3
The mechanism of action of the NEDD4 family in BC involves the regulation of various signaling pathways, including PI3K/AKT, Hippo, EGFR, and
TGF-β, which contribute to the malignant progression of the disease.
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et al., 2011). WW domain-binding protein 2 (WBP2) functions as a
chaperone for WW domain proteins, exerting oncogenic effects by
binding to YAP and TAZ through its PY motif (Chen et al., 2017;
Chan et al., 2011). Interestingly, ITCH downregulates WBP2 via the
UPS to inhibit TCF/β-catenin transcription, BC transformation, and
tumorigenesis. By contrast, phosphorylation of tyrosine residues in
WBP2 by the Wnt signaling pathway, along with the interaction
between YAP/TAZ and WBP2, protects WBP2 from degradation
by ITCH, thereby promoting the development of BC (Lim et al.,
2016). These findings underscore how the role of
NEDD4 proteins in BC varies significantly depending on their
specific substrates.

2.2 Cell proliferation and tumor growth

Uncontrolled proliferation is a hallmark of cancer cells (Marcu,
2020). Type 1 insulin-like growth factor receptor (IGF1R),
upregulated in BC, promotes tumor progression through
activation of the PI3K/AKT signaling pathway (Zhou et al., 2022;
Liu Z. et al., 2022). Wan et al. reported that NEDD4-1 promotes the
proliferation of BC cells by activating the IGF1R/Akt pathway (Wan
et al., 2019). While nuclear YAP promotes BC cell proliferation
(Yang Y. et al., 2024), cytoplasmic YAP inhibits it through the
activation of autophagy and is associated with a favorable prognosis
for BC. NEDD4L promotes BC cell proliferation by mediating the
degradation of cytoplasmic YAP (Guo et al., 2023). Similarly,
WWP1 promotes BC cell proliferation by mediating
LATS1 degradation through the UPS (Yeung et al., 2013).

The EGFR receptor tyrosine kinase family comprises four cell
surface receptors: ErbB1/EGFR/HER1, ErbB2/HER2, ErbB3/HER3,
and ErbB4/HER4 (Hsu and Hung, 2016). In BC, HER1, HER2, and
HER3 exhibit a pro-carcinogenic effect (Hsu and Hung, 2016),
whereas the role of HER4 is dual (Lucas et al., 2022), possibly
due to the selective splicing of HER4 mRNA, which produces four
variants: JM-a/CYT1, JM-a/CYT2, JM-b/CYT1, and JM-b/CYT2
(Veikkolainen et al., 2011). Mig6, a tumor suppressor, inhibits
HER1 signaling through direct binding to HER1 (Zhang et al.,
2007). NEDD4-1 promotes HER1 signaling by mediating
polyubiquitination and proteasomal degradation of Mig6,
although Type I γ-phosphatidylinositol phosphate 5-kinase i5
(PIPKIγi5) can counteract this by binding to NEDD4-1 and
inhibiting Mig6 degradation (Sun et al., 2016). Among
HER4 variants, CYT1 exhibits stronger anti-proliferative effects
than CYT2 on breast epithelial cells (Wali et al., 2014).
WWP1 specifically targets HER4 JM-a/CYT1 isoforms for
ubiquitination and degradation, thereby modulating
HER4 bioactivity in BC cells (Li et al., 2009; Feng et al., 2009).
ITCH and NEDL1 also function as negative regulators of
HER4 levels (Li et al., 2009).

NEDD4 proteins can also promote BC progression by inhibiting
substrate ubiquitination. For instance, Smurf1 promotes ERα-
positive BC cell proliferation by stabilizing ERα through
inhibition of its polyubiquitination (Mayayo-Peralta et al., 2021;
Yang et al., 2018). Similarly, Smurf2 enhances BC cell proliferation
and invasion by preventing the polyubiquitination and proteasomal
degradation of CNK2, a pro-cancer scaffolding protein (Serwe et al.,
2023; David et al., 2014; David et al., 2018).

Conversely, the NEDD4 family can suppress BC proliferation by
degrading oncogenic substrates. HER2, overexpressed in 15%–20%
of BC cases and associated with malignant proliferation (Giaquinto
et al., 2022), undergoes ubiquitination and proteasomal degradation
by Smurf1/2 (Gu et al., 2022; Ren et al., 2021). NEDD4-1 inhibits the
AKT pathway and BC proliferation by mediating UPS-dependent
degradation of PIP5Kα, which normally activates the PI3K/AKT
pathway through PIP2 generation (Choi et al., 2016; Tran et al.,
2018). Krüppel-like factor 5 (KLF5) promotes BC growth and
metastasis through multiple mechanisms, with its high expression
correlating with poor prognosis (Wang H. et al., 2021; Zheng et al.,
2009; Jia et al., 2016; Tong et al., 2006). WWP1 suppresses these
effects by mediating KLF5 degradation through the UPS (Chen et al.,
2005). However, TAZ/YAP can protect KLF5 from WWP1-
mediated degradation by binding to KLF5 through its WW
domain, thereby promoting BC cell proliferation, survival, and
tumor growth (Zhao et al., 2012; Zhi et al., 2012).
LATS1 counteracts this process by downregulating KLF5 through
YAP inhibition (Zhi et al., 2012).

2.3 Migration and metastasis

Metastasis represents the leading cause of mortality in BC
patients (Cancer Genome Atlas Network, 2012), with metastatic
disease carrying a significantly worse prognosis (Allemani et al.,
2018). EMT serves as a critical step in cancer cell metastasis (Foroni
et al., 2012), with TGF-β acting as its primary inducer and a crucial
mediator of BC metastasis (Xu et al., 2009; Imamura et al., 2012).
The classical TGF-β pathway operates through transcription factors
known as SMADs, which fall into three classes: receptor-regulated
SMADs (R-SMADs: SMAD1, SMAD2, SMAD3, SMAD5, and
SMAD8), the common-mediator SMAD (Co-SMAD: SMAD4),
and inhibitory SMADs (I-SMADs: SMAD6 and SMAD7)
(Derynck and Zhang, 2003; Padgett et al., 1998). R-SMADs serve
as downstream signaling molecules of the TβR complex. TGF-β
signaling initiates when TGF-β family ligand dimers form
complexes with type II (TβRII) and type I (TβRI) receptors on
the cell membrane, leading to TβRII phosphorylation and TβRI
activation. Activated TβRI then recruits and activates R-SMADs,
which form oligomers with SMAD4 and translocate to the nucleus
for transcriptional regulation (Massagué, 2000; Deng et al., 2024).
The pathway also promotes the expression of I-SMADs, which
inhibit TGF-β signaling through multiple mechanisms: inhibiting
R-SMAD phosphorylation, promoting dephosphorylation of TβRI,
competing with activated R-SMADs to bind SMAD4, promoting
oligomerization of R-SMADs, and recruiting E3 ubiquitin ligases to
degrade pathway components (Miyazawa and Miyazono, 2017).
NEDD4 proteins regulate TGF-β signaling by ubiquitinating
SMADs and TGF-β receptors. Smurf1 and Smurf2, initially
identified as regulatory molecules for SMADs and TGF-β
receptors (Zhu et al., 1999; Zhang et al., 2001), along with
WWP1 and NEDD4L, can be recruited by SMAD7 to activate
TβRI. This interaction results in TβRI poly-ubiquitination and
degradation (Ebisawa et al., 2001; Kavsak et al., 2000; Seo et al.,
2004; Komuro et al., 2004; Kuratomi et al., 2005), a key event in the
inhibition of TGF-β signaling. Estrogen suppresses BC metastasis by
inhibiting the TGF-β signaling pathway through facilitating the
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formation of a ternary complex consisting of ERα, SMAD2/3, and
Smurf1, leading to Smurf1-mediated SMAD2/3 degradation (Ito
et al., 2010). Smurf2 mediates the ubiquitination and degradation of
SMAD1 and SMAD2 with a preference for SMAD1 (Zhang et al.,
2001), showing strong binding for phosphorylated TGF-β-activated
SMAD2 compared to non-activated SMAD2 (Lin et al., 2000).
Interestingly, the ubiquitination of SMAD2 by ITCH enhanced
its binding to the TGF-β receptor, thereby positively regulating
TGF-β signaling (Bai et al., 2004). NEDD4L also participates in
SMAD2 regulation through its ubiquitination and subsequent
degradation. In addition, during the formation of R-SMADS-
SMAD4 oligomers, Smurf2 inhibits TGF-β signaling by mono-
ubiquitinating SMAD4 (Zhou et al., 2017). Smurf1 mediates the
polyubiquitination and degradation of SMAD4 with the
involvement of SMAD7 (Morén et al., 2005). Although
Smurf1 can also ubiquitinate and degrade SMAD7, the
acetylation of SMAD7 at two lysine residues at its N-terminus,
resulting from its interaction with the transcriptional co-activator
p300, provides protection against this process (Grönroos
et al., 2002).

TGF-β also activates non-classical pathways, including
extracellular signal-regulated kinases (ERK), Rho-like GTPases,
and PI3K/AKT pathways (Zhang, 2009). Within these pathways,
p120-catenin, a central component of the cell adhesion junction (AJ)
complex (Gumbiner, 2005), undergoes Smurf1-mediated
monoubiquitination, while activation of ERK1/2 phosphorylates
p120-catenin at the T900 locus, which further promotes the
interaction of p120-catenin with Smurf1. The phosphorylation
and monoubiquitination of p120-catenin are essential for AJ
dissociation and BC metastasis, which is also a critical step in
TGF-β-induced EMT (Wu et al., 2020). Tumor necrosis factor
receptor-associated factor 4 (TRAF4) promotes BC metastasis by
activating the TGF-β signaling pathway (Zhou et al., 2014). Li et al.
demonstrated that Smurf1 mediates the polyubiquitination and the
subsequent proteasomal degradation of TRAF4 (Li et al., 2010). In
contrast, another study reported that the monoubiquitination of
TRAF4 by Smurf1 facilitates its translocation to the cytoplasmic
membrane and intercellular junctions, which is essential for
Rac1 activation and BC cell migration (Wang et al., 2013).
These findings suggest that differences in the type of NEDD4-
mediated substrate ubiquitination can have varying effects on
the substrate.

While dual targeting of HER2 and HER1 for degradation
inhibits HER2-positive BC growth and metastasis and reduces
drug resistance (Yang L. et al., 2024). Chen et al. reported that
WWP1 promotes their expression indirectly by suppressing RNF11,
their common negative regulator (Chen et al., 2008). Huang et al.
found that NEDD4-1 mediates the degradation of HER3.
Knockdown of NEDD4-1 enhances HER3-driven migration and
proliferation of breast and prostate cancer cells, and promotes the
growth of BC graft tumors. Notably, the downregulation of NEDD4-
1, which leads to the accumulation of HER3, may increase the
efficacy of anti-HER3 antibody therapy (Huang et al., 2015). In
contrast, a study analyzing pathological tissue sections from BC
patients revealed that high expression of NEDD4-1 is associated
with elevated levels of cellular membrane-localized HER3 protein
(Luhtala et al., 2018), suggesting that the degradation of HER3 by
NEDD4-1 may be modulated by additional factors. For instance,

estradiol has been shown to promote the degradation of HER3 by
NEDD4-1 in BC cells, whereas ERα protects HER3 from
degradation by NEDD4-1 (Suga et al., 2018). The regulation of
HER3 protein levels by estradiol and ERα may contribute to
resistance to endocrine therapy.

NEDD4-1 promotes the degradation of E-cadherin, a key event
in EMT, and this process is further enhanced by N4BP3, which
increases the E3 ligase activity of NEDD4-1 (Luo et al., 2022). In
addition, NEDD4-1 mediates the degradation of Robo1, a tumor
suppressor protein, facilitated by the transmembrane proline-rich γ-
carboxyglutamic acid protein 4(PRRG4), which recruits NEDD4-1
to Robo1, thereby promoting BC metastasis (Zhang et al., 2020).
DAB2IP is a known inhibitor of BC invasion and metastasis (Huang
et al., 2023). Li et al. discovered that DAB2IP is degraded by
Smurf1 in a ubiquitination-dependent manner, hence the
depletion of Smurf1 results in the upregulation of DAB2IP,
thereby inhibiting the proliferation and migration of breast and
prostate cancer cells (Li et al., 2016). Smurf1 also regulates cell
polarity and the formation of cellular protrusions by mediating the
degradation of the small G protein RhoA via the UPS (Wang et al.,
2003). Knockdown of Smurf1 leads to the accumulation of RhoA at
the cell periphery, which inhibits BC cell migration (Sahai et al.,
2007). Smurf2 has been implicated in promoting BC cell motility
and invasiveness, potentially through the upregulation of
N-cadherin at the protein level, independent of TGF-β signaling.
The expression of E3 ligase-deficient mutants of Smurf2 inhibits BC
metastasis (Jin et al., 2009).

The chemokine receptor CXCR4 is a G protein-coupled receptor
that plays a key role in BC metastasis. Its activation is driven by the
binding of its ligand CXCL12, which initiates downstream signaling
that promotes metastatic progression (Müller et al., 2001; Yang et al.,
2019). Following CXCL12 binding, CXCR4 undergoes
internalization and is subsequently trafficked to lysosomes for
degradation (Caballero et al., 2019). Both WWP1 and ITCH
facilitate this process: WWP1 inhibits BC bone metastasis by
enhancing CXCL12-mediated CXCR4 lysosomal translocation
and degradation (Subik et al., 2012), while ITCH ubiquitinates
CXCR4 at the plasma membrane for lysosomal degradation
(Marchese et al., 2003). HER2 promotes BC metastasis in part by
upregulating CXCR4 expression through activation of the PI3K
signaling pathway and by inhibiting CXCL12-induced degradation
of CXCR4. ITCH counteracts this effect by suppressing HER2-
induced CXCR4 upregulation (Li et al., 2004). Kotb et al. reported an
inverse correlation between ITCH and CXCR4 expression in tumor
tissues from HER2-positive BC patients treated with trastuzumab.
Moreover, elevated CXCR4 levels is associated with an increased risk
of recurrence in BC patients undergoing trastuzumab therapy (Kotb
et al., 2022).

The evolutionarily conserved NOTCH pathway, crucial for cell
fate determination, operates through four mammalian receptors
(NOTCH1, NOTCH2, NOTCH3, NOTCH4) (Schroeter et al.,
1998). NOTCH1 often plays an oncogenic role in BC (Krishna
et al., 2019), and its downregulation through reduced
NOTCH1 intracellular domain (NICD1) levels suppresses BC
development (Li et al., 2018; Shin et al., 2020).
WWP2 contributes to this suppression by degrading NICD1 via
the UPS, thereby inhibiting BC growth and metastasis (Zhang
et al., 2023).

Frontiers in Pharmacology frontiersin.org05

Zhang and Li 10.3389/fphar.2025.1587675

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1587675


2.4 Ferroptosis

Ferroptosis is an iron-dependent form of programmed cell death
characterized by excessive lipid peroxidation induced by reactive
oxygen species, ultimately leading to tumor growth inhibition
(Dixon et al., 2012). The process serves as one of the critical
mechanisms by which ionizing radiation kills cancer cells (Lei
et al., 2020). VDAC2, a voltage-dependent anion channel,
positively regulates the sensitivity of cells to ferroptosis (Yang
et al., 2020). NEDD4-1 controls ferroptosis by mediating the
degradation of VDAC2 through the UPS. Natural bioflavonoids,
such as RF-A, promote ferroptosis in BC cells by inhibiting the
degradation of VDAC2 through binding to NEDD4-1 (Xie et al.,
2021). Accumulating evidence suggests that the role of NEDD4L in
ferroptosis in BC is time-dependent (Liu et al., 2021; Liu L. et al.,
2022). SLC7A11, a key regulator of ferroptosis whose high
expression is associated with poor prognosis in ER-positive BC,
undergoes different regulation at distinct time points. After 12 h of
ionizing radiation treatment, NEDD4L enhances ferroptosis by
interacting with and degrading SLC7A11. However, during the
early phase (4–12 h), ERα counteracts this effect by promoting
the transcription of SLC7A11 (Liu et al., 2021). The transferrin
receptor CD71 facilitates ferroptosis by promoting iron
accumulation. At 48 h after ionizing radiation treatment, ERα
inhibits ferroptosis by enhancing the binding of NEDD4L to
CD71, leading to its degradation (Liu L. et al., 2022).

2.5 CSCs

CSCs possess self-renewal capacity and tumor-initiating
potential, characteristics that significantly contribute to BC
incidence, metastasis, and drug resistance (Wei and Lewis, 2015).
The regulation of breast CSCs involves multiple NEDD4 family
members through distinct pathways. Evidence for the role of
NEDD4-1 in maintaining breast CSCs properties comes from
studies showing reduced CSCs marker expression and activity in
NEDD4-1-deficient BC cells. Specifically, NEDD4-1 knockdown
significantly impairs mammosphere formation (Jeon et al., 2020).
NOTCH1 receptor plays an important role in the formation and
maintenance of breast CSCs (Simmons et al., 2012). NEDD4L
suppresses NOTCH1-driven breast CSCs by mediating
NOTCH1 degradation through the UPS (Guarnieri et al., 2018).
FOXO1, an essential pluripotency factor for cellular stemness
(Zhang et al., 2011), undergoes regulation by both NEDD4L and
SKP2 through ubiquitination and its subsequent degradation.
However, TRIB3 counteracts this regulation by protecting
FOXO1 from NEDD4L and SKP2-mediated degradation. The
resulting elevated FOXO1 levels increase SOX2 transcription,
which in turn enhances FOXO1 transcription, establishing a
positive feedback loop that promotes breast CSC maintenance
(Yu et al., 2019).

2.6 Resistance to drugs

Drug resistance in BC treatment remains a significant clinical
challenge. WWP1 contributes to this resistance by inhibiting PTEN

function through multiple mechanisms: mediating the
polyubiquitination of PTEN, preventing its dimerization, and
blocking its membrane recruitment (Lee et al., 2019). Kishikawa
et al. reported that WWP1’s regulation of PTEN reduces the
effectiveness of PI3K inhibitors in BC treatment, while
WWP1 inhibition restores PTEN function and suppresses the
PI3K/AKT pathway (Kishikawa et al., 2021). WWP1 may also
influence PI3K/AKT signaling through PTEN-independent
mechanisms, as evidenced by Wang et al.’s finding that
WWP1 overexpression activates the PI3K/AKT pathway and
reduces BC sensitivity to paclitaxel without significantly altering
PTEN protein levels (Wang L. et al., 2021).

An elevated insulin receptor (IR)/IGF1R ratio is associated with
poor prognosis in BC (Gallagher et al., 2020). Ulanet et al.
discovered that this high ratio renders BC cells insensitive to
IGF1R antibody (A12) treatment, while knockdown of IR
significantly enhances the inhibitory effect of A12 on BC cells
(Ulanet et al., 2010). The oncogenic protein TRIP-Br1 influences
this ratio by inhibiting ubiquitination and degradation of IR while
cooperating with NEDD4-1 to promote IGF1R degradation via the
UPS. This interaction increases the IR/IGF1R ratio at the protein
level, promoting both BC cell proliferation and drug resistance
(Nguyen et al., 2022). These findings appear to contrast with
experimental results reported by Wan et al., which indicated
that NEDD4-1 upregulates IGF1R (Wan et al., 2019),
suggesting that NEDD4-1 may regulate IGF1R and its
downstream signaling through alternative mechanisms,
contributing to BC progression. For example, a previous study
demonstrated that NEDD4-1 positively regulates IGF1R by
modulating the function of the articulin Grb10 in mouse
embryonic fibroblasts (Cao et al., 2008).

TNBC resistance to EGFR inhibitors frequently involves
HER3 upregulation (Tao et al., 2014). Verma et al. revealed that
the non-receptor tyrosine kinase PYK2 promotes this resistance by
preventing NEDD4-1/NEDD4L from interacting with and
degrading HER3. N-myc downstream-regulated gene 1 (NDRG1)
enhances HER3 degradation by promoting its interaction with
NEDD4-1/NEDD4L. Importantly, targeting PYK2 expression or
activity can reduce TNBC resistance to EGFR inhibitors (Verma
et al., 2017).

Tumor necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL), which induces tumor-specific apoptosis through caspase-8
activation (de Miguel et al., 2016), faces resistance mechanisms
involving WWP1. Through its E3 ligase activity, WWP1 inhibits the
caspase-8-dependent exogenous apoptosis pathway, conferring
TRAIL resistance. While WWP1 knockdown enhances TRAIL
effectiveness, the mechanism remains unclear as caspase-8 is not
a direct WWP1 substrate (Zhou et al., 2012), suggesting indirect
regulation of TRAIL-caspase-8 signaling.

In summary, NEDD4 proteins are intricately linked to BC
oncogenesis and progression through various mechanisms. It is
important to acknowledge that the role of the NEDD4 family in
BC predominantly depends on their regulation of the biological
functions of their substrates. Considering the diversity of these
substrates and the concurrent activity of multiple signaling
pathways, the effects of the NEDD4 family on BC cell
phenotypes are often dualistic. We summarize the roles and
mechanisms of the NEDD4 family in BC in Table 1.
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TABLE 1 Roles of the NEDD4 family in BC.

Proteins Substrates Mechanisms Effects Experimental
model

References

NEDD4-1 PTEN Mediating the polyubiquitination and proteasomal
degradation of PTEN

↑Tumorigenesis Cell lines;
Cell derived xenograft
(CDX) models

Yim et al. (2009b)

NEDD4L CTR1 Mediating the degradation of CTR1 via the UPS to
suppresses the PDK1-AKT pathway

↓Tumorigenesis Cell lines;
Breast tissues;
CDX models

Guo et al. (2021)

ITCH LATS1 Inhibiting LATS1 and stabilizing YAP ↑Tumorigenesis Cell lines Ho et al. (2011), Salah et al.
(2011)

ITCH WBP2 Mediating the degradation of WBP2 via the UPS,
which inhibits TCF/β-catenin transcription

↓Tumorigenesis Cell lines;
CDX models

Lim et al. (2016)

NEDD4-1 N/A Upregulating positively IGF1R/Akt pathway ↑Cell proliferation Cell lines;
Breast tissues

Wan et al. (2019)

NEDD4L YAP Mediating the ubiquitination and degradation of
YAP, hence downregulating cytoplasmic YAP

↑Cell proliferation Cell lines;
Breast tissues

Guo et al. (2023)

WWP1 LATS1 Mediating the degradation of LATS1 via the UPS ↑Cell proliferation Cell lines Yeung et al. (2013)

Smurf1 N/A Stabilizing ERα by inhibiting K48-dependent
polyubiquitination on ERα proteins

↑Cell proliferation cell lines;
CDX models

Yang et al. (2018)

Smurf2 N/A Upregulating CNK2 by inhibiting the
polyubiquitination and proteasomal degradation of
CNK2

↑Cell proliferation Cell lines;
Breast tissues

David et al. (2014), David
et al. (2018)

NEDD4-1 PIP5Kα Mediating the degradation of PIP5Kα via UPS,
which inhibits the AKT pathway

↓Cell proliferation Cell lines Tran et al. (2018)

WWP1 KLF5 Mediating the degradation of KLF5 via the UPS ↓Cell proliferation
and survival
↓Tumor growth

Cell lines;
CDX models

Chen et al. (2005), Zhao
et al. (2012), Zhi et al.
(2012)

Smurf1 SMAD2/3 Mediating the degradation of SMAD2/3 to inhibit
the TGF-β signaling pathway

↓Metastasis Cell lines Ito et al. (2010)

Smurf1 p120-catenin Mediates the monoubiquitination of p120-catenin
and dissociation of AJ

↑ EMT and
metastasis

Cell lines;
Breast tissues;
CDX models

Wu et al. (2020)

Smurf1 TRAF4 Mediating the monoubiquitination of TRAF4,
which promotes the translocation of TRAF4 to the
cytoplasmic membrane and intercellular junctions

↑Cell migration Cell lines Wang et al. (2013)

NEDD4-1 HER3 Mediating the degradation of HER3 ↓Cell migration and
proliferation
↓Tumor growth

Cell lines;
CDX models

Huang et al. (2015)

NEDD4-1 E-cadherin Mediating the ubiquitination and degradation of
E-cadherin

↑Metastasis Cell lines Luo et al. (2022)

NEDD4-1 Robo1 Mediating the ubiquitination and degradation of
Robo1

↑Metastasis Cell lines Zhang et al. (2020)

Smurf1 DAB2IP Mediating the degradation of DAB2IP in a
ubiquitination-dependent manner

↑Cell proliferation
and migration

Cell lines Li et al. (2016)

Smurf1 RhoA Mediating the degradation of RhoA via the UPS ↑Cell migration Cell lines;
CDX models

Wang et al. (2003), Sahai
et al. (2007)

Smurf2 N/A Mediating the upregulation of N-cadherin ↑Metastasis Cell lines;
breast tissues;
CDX models

Jin et al. (2009)

WWP1 N/A Enhancing lysosomal translocation and
degradation of CXCR4 by CXCL12

↓BC bone metastasis Cell lines;
Breast tissues;
CDX models

Subik et al. (2012)

ITCH CXCR4 Mediating the ubiquitination and degradation of
CXCR4

↓Metastasis Cell lines Marchese et al. (2003), Li
et al. (2004)

(Continued on following page)
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3 NEDD4 family and prognosis in
BC patients

Natori et al. reported that low levels of NEDD4-1 mRNA are
associated with longer disease-free survival (DFS) and overall survival
(OS) in a cohort of HR-positive BC patients treated with endocrine
therapy. This finding may be attributed to the fact that NEDD4-1
negatively regulates ERα expression; consequently, low levels of
NEDD4-1 lead to an upregulation of ERα, which enhances the
sensitivity of cancer cells to endocrine therapy (Natori et al., 2023).
The Kaplan-Meier (KM) plotter indicated that patients with high
NEDD4-1 expression exhibit lower survival rates compared to those
with low NEDD4-1 expression in highly aggressive BC populations,
specifically HER2-positive and TNBC. Furthermore, NEDD4-1
expression is elevated in TNBC cells relative to ER-positive or
HER2-positive BC cells (Jeon et al., 2020). Wan et al. demonstrated
that NEDD4-1 is highly expressed in BC and is correlated with tumor
size, ER status, PR status, and lymph node status. Furthermore, the
positive rate of NEDD4-1 expression increases with tumor
progression. The 10-year OS and DFS of patients with positive
NEDD4-1 expression are significantly lower than those of BC
patients with negative NEDD4-1 expression. Subgroup analysis
revealed that NEDD4-1 had the most significant prognostic
impact on ER-negative BC (Wan et al., 2019), suggesting its
potential as a marker for poor prognosis.

Compared to normal tissue, the expression of NEDD4L is
downregulated in BC tissue (Guo et al., 2022). Bioinformatics
analysis of the TCGA dataset revealed that the expression of
NEDD4L in BC tissues and metastatic cancer tissues is

significantly lower than in normal tissues. KM analysis of distant
relapse-free survival (DRFS) based on the GEO dataset (GSE22219)
confirmed that low expression of NEDD4L is associated with a poor
prognosis (Guarnieri et al., 2018). Additionally, the KM Plotter
indicated that low NEDD4L expression is associated with shorter OS
and recurrence-free survival (RFS) in BC (Guo et al., 2022). Given
that most NEDD4L substrates promote oncogenesis, NEDD4L
shows promise as a valuable prognostic indicator.

WWP1 expression is elevated in TNBC tissue compared to adjacent
normal tissue, with high WWP1 levels correlating with shorter OS in
TNBC patients (Wang L. et al., 2021). Nguyen Huu et al. classified the
samples into 4 categories based on the distribution and intensity of IHC
staining of WWP1 in BC tissues: Category 1 exhibited no or low
staining; Category 2 displayed heterogeneous staining resembling the
staining pattern of normal breast tissue, characterized by moderate or
strong nuclear staining and minimal cytoplasmic staining in
approximately 50% of tumor cells; Category 3 showed
homogeneous, moderate to intense nuclear staining; and Category
4 presented homogeneous, moderate to intense nuclear staining
along with cytoplasmic staining. The analysis indicated that the
WWP1 staining pattern correlates with BC prognosis, with Category
1 staining associated with the worst prognosis and Category 3 staining
linked to the best prognosis. This suggests that the role ofWWP1 in BC
may be influenced by its subcellular localization (Nguyen Huu et al.,
2008). Chen et al. reported that cytoplasmic WWP1 expression is
positively correlated with the expression of ERα and IGF1R proteins in
primary BC tissues (Chen et al., 2009).

WWP2 expression is downregulated in BC tissues compared to
matched adjacent tissues. High WWP2 expression is negatively

TABLE 1 (Continued) Roles of the NEDD4 family in BC.

Proteins Substrates Mechanisms Effects Experimental
model

References

WWP2 NICD1 Mediating the degradation of NICD1 via the UPS ↓BC growth and
metastasis

Cell lines;
CDX models

Zhang et al. (2023)

NEDD4-1 VDAC2 Mediating the degradation of VDAC2 via the UPS ↓Ferroptosis Cell lines Yang et al. (2020), Xie et al.
(2021)

NEDD4L SLC7A11 Mediating the degradation of SLC7A11 via the UPS ↑Ferroptosis Cell lines Liu et al. (2021)

NEDD4L CD71 Mediating the degradation of CD71 via the UPS ↓Ferroptosis Cell lines Liu et al. (2022b)

NEDD4-1 N/A Maintaining the mammary CSCs characteristics ↑CSCs Cell lines Jeon et al. (2020)

NEDD4L NOTCH1 Mediating the degradation of NOTCH1 via the UPS ↓CSCs Cell lines Simmons et al. (2012),
Guarnieri et al. (2018)

NEDD4L FOXO1 Mediating the degradation of FOXO1 ↓CSCs Cell lines Yu et al. (2019)

WWP1 PTEN Inhibiting PTEN dimerization, membrane
recruitment, and anticarcinogenic effect by
mediating polyubiquitination of PTEN

↑Resistance to PI3K
inhibitors

Cell lines;
Patient derived xenograft
(PDDX) models

Lee et al. (2019), Kishikawa
et al. (2021)

WWP1 N/A Upregulating the phosphorylation levels of AKT,
which activates the PI3K/AKT pathway

↑Resistance to
paclitaxel

Cell lines;
Breast tissues;
PDX models

Wang et al. (2021b)

NEDD4-1 IGF1R Mediating the degradation of IGF1R via the UPS ↑Resistance to
anticancer drugs

Cell lines Nguyen et al. (2022)

NEDD4-1/
NEDD4L

HER3 Mediating the degradation of HER3 ↓Resistance to EGFR
inhibitors

Cell lines Verma et al. (2017)

WWP1 N/A Suppressing apoptosis by inhibiting the caspase-8-
dependent exogenous apoptosis pathway

↑Resistance to
TRAIL

Cell lines Zhou et al. (2012)
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correlated with the levels of NICD1 and Ki-67, a marker of cellular
proliferation, while exhibiting a positive correlation with the
expression of E-cadherin. Furthermore, low WWP2 expression is
associated with reduced OS in BC patients (Zhang et al., 2023).

In summary, NEDD4 proteins are frequently abnormally
expressed in BC and are associated with its prognosis (see
Table 2). This suggests that NEDD4 proteins may serve as novel
prognostic markers for BC.

4 Regulation of NEDD4 expression
in BC

The NEDD4 family, while functioning as E3 ubiquitin ligases to
regulate substrate levels, is itself subject to multiple regulatory
mechanisms. Understanding these regulatory pathways,

summarized in Figure 4, may facilitate the development of
strategies that target the NEDD4 family.

4.1 Regulation of the NEDD4 family at the
transcriptional levels

Upstream stimulatory factor 2(USF2) suppresses Smurf1/
2 transcriptional activity by binding to their promoter regions,
consequently promoting TGF-β signal transduction (Tan et al.,
2019). Within this regulatory network, NEDD4-1 acts as a
negative regulator upstream of Smurf1 (Ren et al., 2021). The
cancer suppressor protein JWA, known to negatively regulate
HER2 expression in gastric cancer, influences this pathway
through the JWA gene activating compound 1 (JAC1).
JAC1 downregulates NEDD4-1 mRNA expression, thereby

TABLE 2 Prognostic roles of the NEDD4 family in BC.

Proteins Detection
levels

Data
source

BC patient
sample
size(n)

Pathological
subtypes

Relevant pathologic
parameters

Prognostic
indicators

References

NEDD4-1 mRNA clinical
sample

143 HR+ and HER2- DFS (p = 0.048);
OS (p = 0.022)

Natori et al.
(2023)

NEDD4-1 mRNA Kaplan-
Meier
plotter

618 TNBC Survival rate (p =
0.015)

Jeon et al. (2020)

251 HER2+ and
ER-

Survival rate (p =
0.0084)

NEDD4-1 protein clinical
sample

455 tumor size (p = 0.030);
nodal status (p = 0.001);
ER status (p = 0.035);
PR status (p = 0.023);
TNM stages (stage II vs. I, p =
0.003; stage III vs. I, p < 0.001;
stage III vs. II, p = 0.023)

Wan et al. (2019)

297 DFS (p = 0.0011);
OS (p = 0.0024)

99 ER- OS (p = 0.0204)

219 HER2- OS (p = 0.0355)

mRNA TCGA 123 ER- DMFS (p =
0.00333);
OS (p = 0.04835)

NEDD4L mRNA GEO 216 DRFS (p = 0.0019) Guarnieri et al.
(2018)

NEDD4L mRNA Kaplan-
Meier
plotter

1879 OS (p = 0.00027) Guo et al. (2022)

4929 RFS (p < 0.00001)

WWP1 protein clinical
sample

90 TNBC OS (p = 0.015) Wang et al.
(2021b)

WWP1 protein clinical
sample

419 DFS (p < 0.05) Nguyen Huu et al.
(2008)

312 OS (p = 0.04)

WWP2 mRNA
protein

clinical
sample

67 OS (p = 0.0043) Zhang et al.
(2023)

p < 0.05, statistically significant.
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activating Smurf1-mediated proteasomal degradation of HER2 and
inhibiting the proliferation of HER2-positive BC cells and tumor
growth (Ren et al., 2021). TGF-β signaling activates Smad2/3 to
upregulate the oncoprotein SND1, which enhances both mRNA and
protein expression of Smurf1. This increased Smurf1 expression
leads to greater RhoA degradation, promoting BC metastasis (Yu
et al., 2015). EGF promotes BC migration through HER1 and
HER2 heterodimerization and subsequent pathway activation
(Dittmar et al., 2002). Kwon et al. reported that EGF increases
Smurf1 expression at both mRNA and protein levels through
HER1 and HER2-induced activation of Protein Kinase C and
ERK1/2 signaling, resulting in RhoA downregulation and
enhanced BC cell migration and invasion (Kwon et al., 2013).

4.2 Regulation of the NEDD4 family by non-
coding RNAs

Non-coding RNAs are being explored for their role in BC
(Crudele et al., 2020). Among them, microRNAs (miRNAs), a
class of endogenous small non-coding RNAs, inhibit target gene
translation by binding to the 3′UTR of target mRNAs (Zamore and
Haley, 2005). Long non-coding RNAs (lncRNAs) and circular RNAs
(circRNAs) can function as miRNA sponges, thereby modulating
target gene expression (Beňačka et al., 2024).

NEDD4L-mediated degradation of PI3K through the UPS
inhibits PI3K/AKT signaling (Wang et al., 2016). As a target
gene of miR-675, NEDD4L is regulated by circular RNA
circKDM4B, which acts as an effective sponge for miR-675. This
regulation leads to the upregulation of NEDD4L and enhanced PI3K
degradation, ultimately inhibiting angiogenesis and metastasis in BC
(Guo et al., 2022). Similarly, the miR-106b-25 cluster targets
NEDD4L, promoting breast CSCs by activating
NOTCH1 through NEDD4L downregulation (Guarnieri et al.,
2018). WWP1, a target gene of miR-142, influences PI3K/AKT

signaling. Circular RNA circWAC functions as a sponge for miR-
142, protecting WWP1 expression and thereby promoting PI3K/
AKT pathway activation in TNBC (Wang L. et al., 2021). The
regulation of TGF-β signaling involves miR-424 and miR-503,
which target both Smurf2 and SMAD7. These miRNAs enhance
TGF-β signaling and BC metastasis by reducing Smurf2 and
SMAD7 expression (Li et al., 2014). Additionally, the cytoplasmic
lncRNA LITATS1, upregulated by TGF-β signaling, binds to the
WW1 structural domain of Smurf2, promoting its cytoplasmic
retention. This interaction enhances the polyubiquitination and
degradation of TβRIs, resulting in the inhibition of TGF-β
signaling and the migration of BC cells (Fan et al., 2023). Thus, a
complex interplay exists between non-coding RNAs, the
NEDD4 family, and tumor-associated signaling pathways.
However, related studies remain limited, and further exploration
is essential to achieving a deeper understanding of the roles and
molecular mechanisms of ncRNAs and the NEDD4 family in BC.

4.3 Regulation of the NEDD4 family at the
post-translational level

4.3.1 Self-ubiquitination and ubiquitination
The interaction between the C2 or WW structural domains and

the HECT structural domain maintains NEDD4 in an autoinhibited
state, reducing its E3 ubiquitin ligase activity (Wan et al., 2011;
Wiesner et al., 2007; Wang et al., 2019; Zhu et al., 2017). The tumor
suppressor Cdh1 enhances this autoinhibition in WWP2 by
promoting interaction between its C2 and HECT domains. This
mechanism protects PTEN from WWP2-mediated degradation,
thereby inhibiting AKT signaling and BC growth (Liu et al.,
2016). Xie et al. identified USP9X as a Smurf1-interacting
deubiquitinase that binds to Smurf1 via its carboxyl terminus,
preventing its self-ubiquitination and subsequent proteasomal
degradation. USP9X depletion reduces BC migration by

FIGURE 4
The regulation of NEDD4 proteins. The NEDD4 family are regulated from the transcriptional level, non-coding RNA, and post-transcriptional level.
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downregulating Smurf1 (Xie et al., 2013). NEDD4-1 can promote
PTEN nuclear translocation through monoubiquitination, where
nuclear PTEN shows increased stability and enhances apoptosis by
inhibiting AKT (Trotman et al., 2007). The oncoprotein p34 (SEI-1),
encoded by the SEI-1 gene, stabilizes NEDD4-1 by preventing its
self-ubiquitination and degradation, thereby enhancing PTEN
polyubiquitination and degradation. Conversely, p34 (SEI-1)
knockdown increases PTEN monoubiquitination and nuclear
translocation (Hong et al., 2014). Jung et al. also reported that
p34 (SEI-1) promotes AKT phosphorylation and reduces PTEN
levels by upregulating NEDD4-1 expression in BC, although they
observed increased PTEN nuclear translocation following the
overexpression of p34 (SEI-1) (Jung et al., 2013). Several possible
explanations exist for the discrepancy between the results of the two
studies mentioned above: 1. The regulation of PTEN by p34 (SEI-1)
may not solely depend on NEDD4-1 but could involve other factors;
2. A negative feedback mechanism may operate in cells at very low
levels of PTEN to facilitate its translocation into the nucleus; and 3.
Translocated nuclear PTEN may be degraded through alternative
pathways. For example, it has been demonstrated that the
E3 ubiquitin ligase FBXO22 induces the ubiquitination and
degradation of nuclear PTEN at the lysine 221 site, without
affecting cytoplasmic PTEN (Ge et al., 2020). Additionally,
NEDD4-1 itself is a substrate of the E3 ubiquitin ligase complex
SCF(β-TRCP). Casein kinase Iδ phosphorylates NEDD4-1 at S347/
S348, promoting its binding to SCF(β-TRCP) and subsequent
proteasomal degradation. Mutant NEDD4-1 that evades this
degradation enhances the growth and migration of breast and
prostate cancer cells by reducing PTEN levels (Liu et al., 2014).
Smurf2 can be recruited to activate TβRI through its interaction with
SMAD7, leading to the polyubiquitination and degradation of TβRI,
a crucial event in the inhibition of TGF-β signaling (Kavsak et al.,
2000). TRAF4, functioning as an E3 ubiquitin ligase, targets
Smurf2 for degradation (Li et al., 2019; Zhang et al., 2013),
thereby stabilizing TβRI on BC cell membranes and enhancing
TGF-β signaling (Zhang et al., 2013). The mitosis-associated protein
Eg5 maintains cell proliferation (El-Nassan, 2013).
Smurf2 downregulates Eg5 levels through polyubiquitination
(Hao et al., 2022). TRAF4 inhibits apoptosis in BC cells and
promotes cell proliferation by both preventing Smurf2-Eg5
binding and targeting Smurf2 for ubiquitination, resulting in
elevated Eg5 levels (Hao et al., 2022). Additionally,
Smurf2 regulates Smurf1 through ubiquitination and degradation,
thereby inhibiting BC cell migration, while Smurf1 cannot degrade
Smurf2 (Fukunaga et al., 2008).

4.3.2 Phosphorylation
Phosphorylation of NEDD4 proteins enhances their inhibitory

effects on substrates. AKT-mediated phosphorylation of
Smurf1 increases its stability and amplifies DAB2IP
downregulation (Li et al., 2016). AKT also phosphorylates ITCH
at Ser257, facilitating its nuclear translocation, where it inhibits
53BP1 foci formation by ubiquitinating histone H1.2 at K46. This
mechanism renders BC cells resistant to replicative stress and DNA
damage, promoting tumor growth and metastasis (Chang et al.,
2019). During TGF-β-induced EMT, ERK phosphorylates Smurf1 at
threonine 223, enhancing its ability to polyubiquitinate and degrade
RhoA, thereby promoting EMT and BC metastasis (Zheng et al.,

2022). C-FLIP, which negatively regulates the TRAIL-caspase-
8 apoptotic pathway (Zhang et al., 2004; Haag et al., 2011),
undergoes proteasomal degradation when JNK phosphorylates
and activates ITCH during TNFα signaling, leading to
apoptosis (Chang et al., 2006). Notably, endocrine-resistant ER-
positive BC cells exhibit sensitivity to TRAIL-induced cell death
due to increased degradation of c-FLIP, resulting from JNK-
mediated enhancement of ITCH phosphorylation (Piggott
et al., 2018).

5 Targeting NEDD4 for BC treatment

The aberrant expression of NEDD4 family members and their
association with BC cell malignancy suggest their potential as
therapeutic targets. NEDD4 proteins primarily influence tumor
progression through their E3 ubiquitin ligase activity, mediating
substrate ubiquitination and proteasomal degradation to exert both
tumor-promoting and tumor-suppressive effects. Therefore,
modulating UPS may be a promising strategy for BC therapy.

Proteasome inhibitors have demonstrated promise in BC
therapy by preventing E3 ubiquitin ligase-mediated substrate
degradation in vivo (Shen et al., 2015; Agyin et al., 2009; Schmid
et al., 2008; Schwartz et al., 2021). However, their lack of specificity
remains a limitation. Proteolysis-targeting chimeric (PROTAC)
technology offers a more targeted approach. PROTACs employ
specially designed linker molecules to connect the ligand of the
E3 ubiquitin ligase to the ligand of the protein of interest (POI).
Upon cellular entry, PROTACs facilitate the interaction between an
E3 ubiquitin ligase and the POI, triggering ectopic ubiquitylation
and subsequent proteasomal degradation of the POI (Neklesa et al.,
2017). This enables specific targeting of oncogenic substrates of
NEDD4 proteins. For example, a novel PI3K-PROTAC that induces
the degradation of PI3K-p110α through CRBN and the proteasome
has been found to specifically inhibit BC cell lines harboring the
PIK3CAmutation, while enhancing HER2-positive BC sensitivity to
lapatinib (Zhang H. et al., 2024). Similarly, Gough et al.
demonstrated that the oral PROTAC drug Vepdegestrant, which
connects CRBN and ER, promotes ER degradation and inhibits
tumor growth in a preclinical BC model (Gough et al., 2024). Phase
I/II clinical studies have shown that Vepdegestrant monotherapy
demonstrates good tolerability and clinical efficacy in previously
treated ER+/HER2- advanced BC patients (Iwata et al., 2025;
Hamilton et al., 2024). A large Phase III clinical study
investigating the safety and efficacy of Vepdegestrant in advanced
BC (NCT05654623) is currently ongoing. However, PROTACs
design currently utilizes only a limited number of E3 ligases,
necessitating additional preclinical and clinical studies to evaluate
their therapeutic potential in BC. Molecular glue compounds
function similarly to PROTACs but offer potential advantages
through their lower molecular weight, which may improve oral
bioavailability and cellular permeability (Zhao et al., 2022). For
example, the small molecule C1, designed by Zhong et al. as a
molecular glue, enhances eEF2K-βTRCP interaction, facilitating
eEF2K degradation through the ubiquitin-proteasome pathway
and downregulates eEF2K protein expression, thereby inhibiting
TNBC tumors (Zhong et al., 2024). In conclusion, both classes of
drugs—PROTAC andmolecular glue—provide innovative strategies
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for targeting the substrates of E3 ubiquitin ligase in the
treatment of BC.

The development of small-molecule inhibitors and agonists
targeting the NEDD4 family may provide additional therapeutic
options for BC patients. For instance, Indole-3-Carbinol, a natural
inhibitor of WWP1, enhances the anti-cancer effects of PTEN by
inhibiting WWP1 (Lee et al., 2019). High-throughput screening
identified the antidepressant clomipramine as an ITCH inhibitor
that limits cancer cell growth and enhances chemotherapy efficacy
by blocking cancer cell autophagy (Rossi et al., 2014). The various
upstream NEDD4 regulators discussed earlier may also represent
potential therapeutic targets, though their other roles in BC must be
carefully considered.

TNBC, the most aggressive subtype of BC, presents particular
therapeutic challenges due to its resistance to endocrine therapy and
HER2-targeted treatments, often leaving chemotherapy as the
primary option (Cancer Genome Atlas Network, 2012). Drug
resistance and tumor heterogeneity further limit the effectiveness
of chemotherapy in some TNBC patients (Mayer et al., 2014).
Therefore, it is crucial to identify more effective treatments for
TNBC. Aberrant activation of multiple signaling pathways,
including PI3K/AKT/mTOR, EGFR, TGF-β, and NOTCH,
contributes to TNBC progression (Mayer et al., 2014; Jamdade
et al., 2015). While ongoing clinical studies of PI3K inhibitors,
AKT inhibitors, mTOR inhibitors, and EGFR inhibitors, in
combination with other drugs, have shown promise (Li et al.,
2022; Zhu et al., 2023), targeting NEDD4 offers a potential
advantage through simultaneous inhibition of multiple pathways,
including PI3K, EGFR, TGF-β, and NOTCH. This approach may
provide a more effective anti-cancer activity than single pathway
inhibition.

6 Conclusion

This review synthesizes current understanding of the
multidimensional mechanisms through which the NEDD4 family
influences BC progression. The dual roles of NEDD4 proteins in BC
emerge from their diverse substrate interactions and the distinct
types of ubiquitin modifications they catalyze. While the
NEDD4 family presents promising therapeutic targets,

comprehensive elucidation of their regulatory mechanisms and
functions requires additional investigation. Furthermore,
validation of NEDD4 proteins as prognostic markers for BC
patients necessitates larger prospective and retrospective
clinical studies.
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Glossary
AJ adhesion junction

BC breast cancer

CDX cell derived xenograft

circRNA circular RNA

CSCs cancer stem cells

DFS disease-free survival

DMFS distant metastasis-free survival

DRFS distant relapse-free survival

EMT epithelial-mesenchymal transition

ERK extracellular signal-regulated kinase

IGF1R type 1 insulin-like growth factor receptor

IHC immunohistochemistry

IR insulin receptor

JAC1 JWA gene activating compound 1

KLF5 krüppel-like factor 5

LATS1/2 large tumor suppressor kinases 1 and 2

lncRNA long-chain non-coding RNA

miRNA microRNA

MST1/2 mammalian STE20-like kinases 1 and 2

NDRG1 n-myc downstream-regulated gene 1

NICD1 NOTCH1 intracellular structural domain

OS overall survival

PDX patient derived xenograft

PIPKIγi5 type I γ-phosphatidylinositol phosphate 5-kinase i5

POI protein of interest

PROTAC proteolysis targeting chimeric

PRRG4 proline-rich γ-carboxyglutamic acid protein 4

PTEN phosphatase and tensin homolog

RFS recurrence-free survival

SAV1 salvador homolog 1

TAZ ww domain-containing transcription regulator 1

TNBC triple-negative breast cancer

TRAF4 tumor necrosis factor receptor-associated factor 4

TRAIL tumor necrosis factor-related apoptosis-inducing ligand

Ub ubiquitin

UPS ubiquitin-proteasome system

USF2 upstream stimulatory factor 2

WBP2 ww domain-binding protein 2

YAP yes-associated protein 1
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