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Abstract

Tumor metastasis is the major cause of breast cancer morbidity and mortality. It has been

reported that the F-box protein FBXO3 functions as an E3 ubiquitin ligase in regulating vari-

ous biological processes, including host autoimmune, antiviral innate immunity, and inflam-

matory response. However, the role of FBXO3 in tumor metastasis remains elusive. We

have previously shown that ΔNp63α is a common inhibitory target in oncogene-induced cell

motility and tumor metastasis. In this study, we show that FBXO3 plays a vital role in PI3K-

mediated breast cancer metastasis independent of its E3 ligase activity and ΔNp63α in

breast cancer cells and in mouse. FBXO3 can bind to and stabilize USP4, leading to Twist1

protein stabilization and increased breast cancer cell migration and tumor metastasis.

Mechanistically, FBXO3 disrupts the interaction between USP4 and aspartyl aminopepti-

dase (DNPEP), thereby protecting USP4 from DNPEP-mediated degradation. Furthermore,

p110αH1047R facilitates the phosphorylation and stabilization of FBXO3 in an ERK1-depen-

dent manner. Knockdown of either FBXO3 or USP4 leads to significant inhibition of PI3K-

induced breast cancer metastasis. Clinically, elevated expression of p110α/FBXO3/USP4/

Twist1 is associated with poor overall survival (OS) and recurrence-free survival (RFS) of

breast cancer patients. Taken together, this study reveals that the FBXO3-USP4-Twist1

axis is pivotal in PI3K-mediated breast tumor metastasis and that FBXO3/USP4 may be

potential therapeutic targets for breast cancer treatment.

Introduction

Breast cancer is the highest diagnosed cancer in recent years and the leading cause of cancer-

related deaths among women worldwide [1,2]. Breast cancer exhibits high heterogeneity and

high metastatic propensity to distinct organs, including lymph nodes, bone, brain, lung, and

liver, which is a leading cause of cancer-related mortality and imposes a huge hurdle for breast

cancer treatment [3,4]. It is well documented that activation of a variety of signaling pathways

play critical roles in breast cancer metastasis, such as phosphoinositide-3-kinase (PI3K) path-

way, mitogen-activated protein kinase (MAPK) pathway, transforming growth factor (TGF)-

β/Smad pathway and vascular endothelial growth factor (VEGF) pathway [5–8].
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Abnormal activation of the PI3K signaling pathway is pivotal in breast cancer development

[9]. PI3Ks are heterodimeric kinases consisting of a catalytic p110 subunit (p110α, p110β, or

p110δ) and a regulatory p85 subunit [10]. The hotspot mutation in the PIK3CA gene encoding

p110α, H1047R, is the most frequent cancer-specific mutation in breast cancer among others,

such as p110αE542K or p110αE545K mutation [11,12]. Activated PI3K continuously transduces

oncogenic signals to the downstream pathways, including AKT or ERK pathways [13,14].

Notably, PI3K/AKT signaling induces the phosphorylation of mTORC1, leading to the activa-

tion of p70S6K and inactivation of 4EBP1, resulting in increased translation of epithelial–mes-

enchymal transition (EMT)-related transcription factors, such as Twist, Snail, or Slug, thereby

facilitating breast cancer metastasis [15,16]. In addition, our previous study shows that PI3K/

AKT signaling can promote cell motility and tumor metastasis by suppressing the expression

of ΔNp63α, a member of p53 protein family [17]. PI3K signaling can also cooperate with other

signaling pathways, such as TGF-β, NF-κβ, and Wnt/β-catenin, to induce EMT and promote

tumor metastasis [15].

EMT plays a critical role in promoting tumor metastasis by enhancing cell mobility, migra-

tion, and invasion ability [18]. EMT-related transcription factors, including Twist, Snail, and

Zeb family members, can regulate the expression of E-cadherin, Vimentin, N-cadherin, and β-

catenin thereby facilitating tumor metastasis [19]. Twist1 is a key EMT-related transcriptional

factor through direct transcription repression of E-cadherin and transcription activation of N-

cadherin [20]. Various signaling pathways can regulate Twist expression. In response to hyp-

oxia, hypoxia-inducible factor 1α (HIF1α) can up-regulate Twist1 expression to induce EMT

and tumor cell dissemination [21]. MAPKs can phosphorylate Twist1 at Ser68 resulting in

Twist1 protein stabilization [22]. Our recent work shows that ubiquitin-specific protease 4

(USP4) functions as a deubiquitinase to remove ubiquitin from Twist1, resulting in Twist1

protein stabilization [23].

USP4, as a deubiquitinating enzyme, can remove monoubiquitinated and polyubiquiti-

nated chains from its substrates [24,25]. It plays crucial roles in a variety of cellular and biolog-

ical processes, including tumorigenesis, distant metastasis, and stemness [26,27].

USP4-mediated regulation of tumor metastasis may be context-dependent. USP4 directly deu-

biquitylates TGF-β receptor I to induce the phosphorylation of Smad2 and up-regulate matrix

metalloproteinase (MMP)-9, thereby facilitating cell migration and invasion of breast cancer

cells [28,29]. USP4 can also deubiquitylate PRL-3 to lead to AKT activation, E-cadherin reduc-

tion, and distant metastasis [30]. However, USP4 has been reported to target TRAF2 and

TRAF6, resulting in the inhibition of TNFα- and IL-1β-induced cell migration [31]. Our

recent study shows that USP4 is a cell migration inducer via up-regulation of Twist1 expres-

sion [23].

FBXO3 belongs to the F-box protein family. As a substrate-binding subunit of SCF ubi-

quitin complex, FBXO3 plays a critical role in host autoimmune, antiviral innate immunity,

and inflammatory responses [32–34]. FBXO3 binds to and targets the autoimmune regula-

tor (AIRE) protein for degradation to ensure proper expression of tissue-specific antigens

[34]. FBXO3 can also regulate the IFN signaling via destabilizing the transcription factors

irf3, irf7, and p62 [33,35]. In addition, FBXO3 can activate pro-inflammatory signaling by

protecting tumor necrosis factor receptor-associated factors (TRAFs) from FBXL2-me-

diated degradation [32]. However, the role of FBXO3 in tumor metastasis is largely unclear.

In this study, we discovered a noncanonical function of FBXO3 in promoting breast cancer

metastasis in an E3 ligase activity-independent manner. We show that the

FBXO3-USP4-Twist1 axis plays a causal role in PI3K/ERK-mediated breast cancer cell

migration and tumor metastasis.
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Results

FBXO3 promotes breast cancer cell migration independent of its E3 ligase

activity

Our previous study demonstrates that ΔNp63α is a common inhibitory target in oncogene-

induced cell motility and tumor metastasis [17], we therefore investigated whether FBXO3 can

regulate cell migration of breast cancer cells and whether it is implicated in ΔNp63α. Our

results showed that while ectopic expression of FBXO3 significantly promoted cell migration

in MCF-10A cells, a cell line predominantly expressing ΔNp63α, FBXO3 could also signifi-

cantly increase cell migration of breast cancer cells in which the expression of ΔNp63α protein

were undetectable, including MDA-MB-231, MDA-MB-468, SKBR3, or Hs578T cells (Figs

1A–1C and S1A). The complementary experiments showed that silencing of FBXO3 expres-

sion markedly inhibited cell migration in MDA-MB-231 or Hs578T cells, as evidenced by

transwell assay and wound-healing assay (Figs 1D–1F and S1B). These results suggest that

FBXO3 can promote cell migration in a ΔNp63α-independent manner.

It has been shown that FBXO3 executes its biological functions primarily in its E3 ubiquitin

ligase-dependent manner. We then examined whether the E3 ubiquitin ligase activity of

FBXO3 is required to impact cell mobility in our experimental system. Notably, ectopic

expression of FBXO3ΔF mutant (deletion of F-box domain), which is defective in E3 ubiquitin

ligase activity [36], could significantly promote cell migration, albeit less potently compared to

Fig 1. FBXO3 promotes breast cancer cell migration in the ΔNp63α- or E3 ubiquitin ligase-independent manner. (A–C) Human non-

transformed mammary epithelial MCF-10A cells with ΔNp63α expression or breast cancer cells without ΔNp63α expression (MDA-MB-231,

MDA-MB-468, SKBR3, or Hs578T cells) stably expressing HA-FBXO3 or a vector control (-) were subjected to western blot analyses (A) or transwell

assays (B, C). (D–F) MDA-MB-231 or Hs578T cells stably expressing specific shRNA specific for FBXO3 (shFBXO3-#1 or shFBXO3-#2) or GFP

(shCtrl) were subjected to western blot analyses (D) or transwell assays (E, F). (G–I) MCF-10A or MDA-MB-231 cells stably expressing HA-FBXO3

WT, HA-FBXO3ΔF (ΔF) or a vector control (-) were subjected to western blot analyses (G) or transwell assays (H, I). Data from 3 independent

transwell experiments were presented as means ± SD. ***p< 0.001. Scale bar = 100 μm. The data underlying the graphs shown in the figure can be

found in S1 Data. WT, wild-type.

https://doi.org/10.1371/journal.pbio.3002446.g001
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the wild-type FBXO3 (Figs 1G–1I, S1C, and S1D). These results suggest that FBXO3 can func-

tion to regulate cell migration independent of its E3 ubiquitin ligase activity.

FBXO3 up-regulates Twist1 expression to promote cell migration and

tumor metastasis

We then investigated the molecular basis by which FBXO3 regulates cell migration indepen-

dent of ΔNp63α or its E3 ligase activity. Given the critical roles of epithelial–Mesenchymal

transition (EMT) transcription factors (including Twist1, Snail1, or Slug) in cell migration, we

hypothesized that FBXO3 might affect the expression of EMT transcription factors. Interest-

ingly, silencing of FBXO3 markedly decreased Twist1 expression, while it had little effect on

Snail1 and Slug expression in MDA-MB-231 or Hs578T cells (Fig 2A). Notably, similar to

Fig 2. FBXO3 promotes cell migration and tumor metastasis via up-regulation of Twist1 expression. (A) MDA-MB-231 or

Hs578T cells stably expressing shFBXO3-#1, shFBXO3-#2, or shGFP (-) were subjected to western blot analyses. (B) MDA-MB-

231 or MCF-10A cells stably expressing HA-FBXO3 WT, HA-FBXO3ΔF (ΔF), or a vector control (-) were subjected to western

blot analyses. (C) MDA-MB-231 cells stably expressing HA-FBXO3 were infected with a recombinant lentivirus expressing

specific shRNA targeting to Twist1 or a vector control (-), and were subjected to western blot analyses. (D) MDA-MB-231

stable cells were subjected to transwell assays. Data from 3 independent experiments were presented as means ± SD.

***p< 0.001. Scale bar = 100 μm. (E–G) MDA-MB-231 stable cells were subjected to tail vein injection in BALB/c nude mice

(n = 5). Lungs of mice were photographed (E) and stained with HE staining (F), and the number of tumors per mouse was

counted (G). Data were presented as means ± SEM. *p< 0.05. (H, I) Consecutive TMA slides derived from human breast

cancer specimens (HBreD030PG03, OUTDO, Shanghai, China) were subjected to IHC for expression of FBXO3 and Twist1.

IHC staining was quantified by AOD. Representative images of IHC staining and Pearson correlation of FBXO3 and Twist1

expression were shown. Scale bar = 100 μm. The data underlying the graphs shown in the figure can be found in S1 Data. AOD,

average optical density; IHC, immunohistochemistry; TMA, tissue microarray; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3002446.g002
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wild-type FBXO3, ectopic expression of FBXO3ΔF could also increase the expression of Twist1,

accompanied with up-regulated expression of β-catenin, a known downstream target of

Twist1 [37] (Fig 2B). These results suggest that Twist1 is a key downstream effector of FBXO3

in regulating cell migration.

We next investigated the causal role of up-regulated Twist1 in FBXO3-induced breast can-

cer cell migration and tumor metastasis. As shown in Fig 2C and 2D, silencing of Twist1

completely rescued FBXO3-induced cell migration in MDA-MB-231 cells. Furthermore,

ectopic expression of FBXO3 significantly increased metastatic nodules in mouse models,

which could be effectively rescued by silencing of Twist1 (Fig 2E–2G). We further analyzed the

clinical relevance of the FBXO3-Twist1 axis in breast cancer. Immunohistochemical analyses

of human breast tissue microarray (TMA) showed a significant positive correlation of the

expression of FBXO3 and Twist1 in breast cancer samples (p< 0.0001) (Fig 2H and 2I). These

results indicate that Twist1 plays a vital role in FBXO3-medicated cancer cell migration and

tumor metastasis.

USP4 is a critical downstream effector of FBXO3 in regulation of Twist1

expression and cell migration

We further explored the molecular basis by which FBXO3 regulates Twist1 expression. As

shown in S2A Fig, knockdown of FBXO3 did not significantly impact on steady-state Twist1

mRNA levels. However, knockdown of FBXO3 markedly shortened the half-life of Twist1 pro-

tein, whereas ectopic expression of HA-FBXO3 prolonged the half-life of Twist1 protein in

MDA-MB-231 or MCF-10A cells (Figs 3A–3D, S2B, and S2C). Notably, FBXO3 knockdown-

mediated down-regulation of Twist1 could be rescued by proteasome inhibitor (MG132)

(Fig 3E), indicating that FBXO3 can prevent Twist1 for proteasome-mediated degradation.

We have previously shown that USP4 can deubiquitinate and stabilize Twist1 protein [23], so

we then asked whether USP4 is involved in FBXO3-induced Twist1 stabilization. As shown in

Fig 3F, silencing of FBXO3 markedly reduced USP4, concomitant with down-regulation of

Twist1 expression in MDA-MB-231 and Hs578T cells. In complementary experiments, ectopic

expression of either wild-type FBXO3 or FBXO3ΔF, led to the up-regulation of UPS4 and

Twist1 protein expression (Fig 3G and 3H). Notably, FBXO3 protein contains an ApaG

domain in addition to F-box domain [32]. Unlike FBXO3ΔF, FBXO3ΔApaG mutant lacking the

ApaG domain failed to regulate USP4 and Twist1 (Fig 3G and 3H). In keeping with this obser-

vation, ectopic expression of FBXO3 or FBXO3ΔF, but not FBXO3ΔApaG, led to increased USP4

expression in both nucleus and cytoplasm (Fig 3I). These results indicate that FBXO3 increases

Twist1 and USP4 protein expression in an E3 ligase activity-independent manner, in which

the FBXO3-ApaG domain is indispensable.

To investigate the causal effects of USP4 on FBXO3-induced Twist1 expression and cell

migration, we performed rescuing experiments. As shown in Fig 3J, restoration of USP4

effectively reversed FBXO3 knockdown-mediated down-regulation of Twist1 and β-cate-

nin. Consistently, wild-type FBXO3- or FBXO3ΔF- mediated the up-regulation of Twist1

and β-catenin could be rescued by silencing of USP4 in MDA-MB-231 or Hs578T cells (Figs

3K and S2D). Furthermore, silencing of USP4 significantly rescued FBXO3- or FBXO3ΔF-

induced cell migration in MDA-MB-231 cells (Figs 3L, S2E, and S2F). Together, these

results indicate that the USP4 is a critical downstream effector of FBXO3 in regulation of

Twist1 expression and cell migration. Notably, IHC analyses of human breast TMA showed

that USP4 was positively correlated with the expression of FBXO3 or Twist1 in breast cancer

samples (Fig 3M–3O).
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FBXO3 binds to USP4 and disrupts the interaction between USP4 and

DNPEP, leading to stabilization of USP4 and Twist1

We further investigated the molecular basis by which FBXO3 up-regulates USP4 expression.

As shown in S3A and S3B Fig, ectopic expression of FBXO3 or silencing of FBXO3 had little

effect on the steady-state USP4 mRNA levels. Furthermore, knockdown of FBXO3-induced

down-regulation of USP4 could not be rescued by either lysosome inhibitor (chloroquine) or

proteasome inhibitor (MG132) (Fig 4A and 4B), suggesting that knockdown of

Fig 3. USP4 plays critical roles in FBXO3-induced Twist1 expression and cell migration. (A–D) MDA-MB-231 stable cells were treated with

cycloheximide (CHX) for the indicted times (A, C), and the relative Twist1 protein expression levels were quantitated by image J software (B, D).

(E) MDA-MB-231 cells stably silencing of FBXO3 were treated with proteasome inhibitor MG132 (10 μm) for 8 h prior to western blot analyses.

(F) MDA-MB-231 or Hs578T cells stably expressing shFBXO3-#1, shFBXO3-#2, or shCtrl were subjected to western blot analyses. (G, H)

MDA-MB-231 or Hs578T cells stably expressing wild-type HA-FBXO3 (WT), HA-FBXO3ΔApaG (ΔApaG), HA-FBXO3ΔF (ΔF), or a vector

control (Vec) were subjected to western blot analyses. (I) MDA-MB-231 cells stably expressing HA-FBXO3, HA-FBXO3ΔApaG (ΔApaG),

HA-FBXO3ΔF (ΔF), or a vector control (-) were subjected to the nuclear separation assays. (J, K) MDA-MB-231 stable cells were subjected to

western blot analyses. (L) MDA-MB-231 stable cells were subjected to transwell assays. Data from 3 independent experiments were presented as

means ± SD. ***p< 0.001. (M–O) Consecutive TMA slides derived from human breast cancer specimens (HBreD020PG01, OUTDO, Shanghai,

China) were subjected to IHC for expression of USP4, FBXO3, and Twist1. Representative images of IHC staining (M) and Pearson correlation of

USP4 and FBXO3/Twist1 expression were shown (N, O). Scale bar = 100 μm. The data underlying the graphs shown in the figure can be found in

S1 Data. IHC, immunohistochemistry; TMA, tissue microarray; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3002446.g003
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FBXO3-induced down-regulation of USP4 is unlikely to be at the transcriptional levels or at

the levels of the proteasome-/lysosome-mediated protein stability.

It has been reported that aspartyl aminopeptidase (DNPEP) can bind to and degrade USP4

[38]. Our results showed that knockdown of DNPEP indeed prolonged the half-life of USP4

protein and increased USP4 and Twist1 expression (Figs 4C, S3C, and S3D). We therefore

Fig 4. FBXO3 binds USP4 to disrupt the interaction between USP4 and DNPEP, leading to stabilization of USP4 and Twist1. (A, B) MDA-MB-231 cells stably

silencing of FBXO3 were treated with proteasome inhibitor MG132 (10 μm) for 8 h or lysosomal inhibitor chloroquine (CLQ, 45 μm) for 36 h prior to western blot

analyses. (C) MDA-MB-231 cells stably silencing of DNPEP were subjected to western blot analyses. (D) MDA-MB-231 cells stably silencing of FBXO3 were treated

with aminopeptidase inhibitor Tosedostat (0.5 μm) for 16 h prior to western blot analyses. (E) MDA-MB-231 cells stably expressing HA-FBXO3, HA-FBXO3ΔF, or a

vector control (Vec) were subjected to western blot analyses. (F) HEK293T cells were co-transfected with expressing plasmids encoding Flag-USP4, HA-FBXO3,

HA-FBXO3ΔApaG, HA-FBXO3ΔF, or a vector control (-) for 36 h, and cells were then treated with 0.5 μm Tosedostat for 16 h prior to IP-western assays. (G) MDA-MB-

231 cells were subjected to IP-western assays. (H) MDA-MB-231 cells stably expressing Flag-USP4 were infected with a recombinant lentivirus expressing HA-FBXO3

or a vector control (-). Cells were then treated with 0.5 μm Tosedostat for 16 h prior to IP-western assays. (I) MDA-MB-231 cells stably silencing of FBXO3 were treated

with 0.5 μm Tosedostat for 16 h and were then subjected to IP-western assays. USP4, ubiquitin-specific protease 4.

https://doi.org/10.1371/journal.pbio.3002446.g004
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examined whether DNPEP is involved in FBXO3-induced USP4 up-regulation. As shown in

Fig 4D, knockdown of FBXO3-mediated down-regulation of USP4 could be effectively rescued

by treatment of Tosedostat, an aminopeptidase inhibitor, suggesting that FBXO3 may stabilize

USP4 protein by preventing DNPEP-induced USP4 degradation. Notably, ectopic expression

of FBXO3 had little effect on DNPEP expression (Fig 4E). Thus, we suspected that FBXO3

may act to block DNPEP interaction with USP4. Indeed, the co-immunoprecipitation assays

showed that wild-type FBXO3 or FBXO3ΔF, but not FBXO3ΔApaG, could form stable complexes

with USP4 (Fig 4F and 4G). Importantly, the elevation of FBXO3 expression significantly

reduced complex formation between USP4 and DNPEP, whereas silencing of FBXO3

increased endogenous DNPEP binding to USP4 in MDA-MB-231 cells (Fig 4H and 4I).

Together, these results indicate that FBXO3 binds USP4 to interfere with the interaction

between USP4 and DNPEP, leading to stabilization of the USP4 protein.

Activation of PI3K promotes phosphorylation and stabilization of FBXO3

in an ERK1-dependent manner

We then explored the upstream signaling in the regulation of the FBXO3-USP4-Twist1 axis.

Given the critical role of PI3K signaling in breast cancer metastasis [39], we evaluated the rela-

tionship between PI3K signaling and FBXO3. As shown in Figs 5A and S4A, activation of

PI3K signaling (including both expression levels of the PI3K catalytic subunit p110α or the up-

regulated ERK phosphorylation) was positively correlated with cell migration capacity as well

as FBXO3/USP4/Twist1 protein levels in breast cancer cell lines examined. Notably, while

ectopic expression of either p110αH1047R, p110αE542K, or p110αE545K, all of which are constitu-

tive activation mutants of p110α associated with breast cancer [12,40,41], let to activation of

AKT and ERK, it significantly increased the expression of FBXO3, accompanied with the up-

regulated USP4, Twist1, and β-catenin protein expression (Figs 5B, S4B, and S4C). In addition,

p110αH1047R drastically promoted FBXO3 and USP4 in both nucleus and cytoplasm (S4D Fig).

Furthermore, while p110αH1047R had little effect on DNPEP expression, it significantly up-reg-

ulated and prolonged the half-life of FBXO3, leading to disruption of USP4 and DNPEP com-

plex formation (Figs 5C–5E and S4E).

Further investigation showed that inhibition of ERK by a specific MEK inhibitor U0126,

but not AKT inhibitor MK2206, could effectively rescue p110αH1047R-induced FBXO3 expres-

sion (Fig 5F and 5G), which promoted us to examine the effects of p110αH1047R on ERK-medi-

ated phosphorylation of FBXO3. In addition to the previously reported Erk phosphorylation

sites on FBXO3, including Ser166 and Tyr233 (phosphoSitePlus PTM Database), the computer

aided analyses (GPS 5.0 Software) reveal 3 potential ERK phosphorylation sites (Ser26, Thr82,

and Ser356) on FBXO3. As shown in Figs 5H–5K and S4F–S4G, while p110αH1047R led to pro-

tein stabilization of wild-type FBXO3 or other 4 FBXO3 mutant proteins bearing a point muta-

tion, it failed to stabilize FBXO3T82A mutant protein. Furthermore, co-immunoprecipitation

assays showed that ERK1, but not ERK2, formed stable protein complexes with FBXO3

(Fig 5L). Taken together, these results indicate that p110αH1047R can phosphorylate Thr82 of

FBXO3 leading to its stabilization in an ERK1-dependent manner.

The FBXO3-USP4-Twist1 axis plays a critical role in p110αH1047R-induced

cell migration and tumor metastasis

To investigate the causative role of FBXO3 in p110αH1047R-induced breast cancer cell migra-

tion and tumor metastasis, we performed rescue experiments. As shown in Figs 6A and 6B

and S5A and S5B, silencing FBXO3 significantly rescued the p110αH1047R-induced up-regula-

tion of Twist1, USP4, and β-catenin as well as revised the p110αH1047R-mediated increase of
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cell migration. Importantly, the p110αH1047R-induced tumor metastasis could also be rescued

by silencing of FBXO3 in a mouse metastasis model (Fig 6C–6E). Furthermore, silencing of

USP4 rescued p110αH1047R-mediated up-regulation of Twist1 and β-catenin, accompanied

with reduced cell migration (Figs 6F–6H, S5C, and S5D). Moreover, Kaplan–Meier survival

analysis showed that high expression of PIK3CA, FBXO3, USP4, or Twist1 expression was

associated with poor overall survival (OS) and recurrence-free survival (RFS) (Fig 6I and 6J).

Further analysis of the prognostic value of PI3KCA/FBXO3/USP4/Twist1 pathway showed

that high-level expression of the gene set (PI3KCA; FBXO3; USP4; Twist1) was associated with

Fig 5. Activation of PI3K facilitates phosphorylation and stabilization of FBXO3 in an ERK1-dependent manner. (A) MCF-10A,

MDA-MB-231, MDA-MB-468, SKBR3, Hs578T, or MDA-MB-453 (with p110αH1047R) cells were subjected to western blot analyses. (B)

MCF-10A or MDA-MB-231 stable cells were subjected to western blot analyses. (C) MDA-MB-231 cells stably expressing p110αH1047R or a

vector control (-) were subjected to western blot analyses. (D) MDA-MB-231 stable cells were treated with 0.5 μm Tosedostat for 16 h and

were then subjected to IP-western assays. (E) MDA-MB-231 cells stably expressing p110αH1047R or a vector control (Vec) were treated with

cycloheximide (CHX) for the indicted times, and the relative FBXO3 protein expression levels were quantitated by image J software. (F, G)

MCF-10A stable cells were treated with 10 μm U0126 for 12 h or 8 μm MK2206 for 8 h prior to western blot analyses. (H, I) HEK293T cells

were co-transfected with p110αH1047R and either HA-FBXO3 WT or HA-FBXO3 mutant (S26A, T82A, S166A, S356A, or Y233A)

expressing plasmids for 36 h, and then cells were subjected to western blot analyses. (J, K) HEK293T cells were co-transfected with

p110αH1047R and either HA-FBXO3 wild-type or HA-FBXO3T82A mutant expressing plasmids, and were then treated with cycloheximide

(CHX) for the indicted times prior to western blot analyses (J). The relative FBXO3 protein expression levels were quantitated by image J

software (K). (L) HEK293T cells were co-transfected with the indicated expressing plasmids, and cells were then subjected to IP-western

assays. The data underlying the graphs shown in the figure can be found in S1 Data. WT, wild-type.

https://doi.org/10.1371/journal.pbio.3002446.g005
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poor OS and RFS (Fig 6K). Together, these results demonstrate that the FBXO3-USP4-Twist1

axis is critically important in p110αH1047R-induced cell migration and tumor metastasis, and

that elevated expression of PIK3CA/FBXO3/USP4/Twist1 is associated with poor clinical out-

comes of breast cancer patients.

Discussion

The E3 ubiquitin ligase FBXO3 plays important roles in regulation of host autoimmune, anti-

viral innate immunity, and inflammatory responses [32–34]. FBXO3 protein consists of an F-

box domain (aa 10–56) and an ApaG (Adenine tetraphosphate adenine G) domain (aa 278–

408) [36,42]. The F-box domain of FBXO3 is indispensable for its E3 ubiquitin ligase activity

Fig 6. The FBXO3-USP4-Twist1 axis plays a critical role in p110αH1047R-induced cell migration and tumor

metastasis. (A) MCF-10A and MDA-MB-231 cells stably expressing p110αH1047R were infected with a recombinant

lentivirus expressing specific shRNA targeting to FBXO3 or GFP (-). Cells were then subjected to western blot analyses.

(B) MCF-10A stable cells were subjected to transwell analyses. Data from 3 independent experiments were presented

as means ± SD. ***p< 0.001. (C–E) MCF-10A stable cells were subjected to tail vein injection in BALB/c nude mice

(n = 5). Representative photos of the lung were presented and the observable nodules per mouse in the lung surface

were presented (C, D) (scale bar = 1 cm). Paraffin-embedded lungs were sectioned and subjected to HE staining (E).

Data were presented as means ± SEM. **p< 0.01. (F–H) MCF-10A and MDA-MB-231 stable cells were subjected to

western blot analyses (F) or transwell analyses (G, H). Data from 3 independent experiments were presented as

means ± SD. ***p< 0.001. (I, J) Kaplan–Meier plots of OS and progression-free survival (RFS) of human breast cancer

patients were stratified by the PIK3CA, FBXO3, USP4, or Twist1 mRNA expression levels in the patient tumor

samples. (K) Kaplan–Meier plots of OS and progression-free survival (RFS) of human breast cancer patients were

stratified by the mean expression of a set of 4 genes (PIK3CA, FBXO3, USP4, and Twist1) in the patient tumor

samples. (L) A working model depicts the regulatory function of FBXO3 on breast cancer metastasis and the role of the

FBXO3-USP4-Twist1 axis in PI3K-induced tumor metastasis. The data underlying the graphs shown in the figure can

be found in S1 Data. OS, overall survival; RFS, recurrence-free survival; USP4, ubiquitin-specific protease 4.

https://doi.org/10.1371/journal.pbio.3002446.g006
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by interacting with SKP1 to form the SCF complex (Skp1–Cullin–F-box-protein) [36]. The

function of FBXO3-ApaG domain is much less unclear, yet it has been reported important in

binding to and degrading FBXL2 [32]. In this study, we discovered a noncanonical function of

FBXO3 in tumor metastasis. FBXO3 functions as a USP4 binding partner to protect USP4

from degradation, which in turn leads to stabilization of Twist1, thereby promoting cell migra-

tion and tumor metastasis.

Importantly, we found that the E3 ubiquitin ligase activity of FBXO3 is not required in the

FBXO3-USP4-Twist1 axis. Rather, the ApaG domain of FBXO3 is indispensable for FBXO3

interaction with USP4. Notably, FBXO3 can affect cell migration in the MDA-MB-231 cells

which do not express detectable ΔNp63α expression, indicating that FBXO3 can impact cell

migration independent of ΔNp63α, a common inhibitory target in oncogene-induced tumor

metastasis [17]. However, FBXO3ΔF lacking of the E3 ligase activity can also induce cell migra-

tion but less potently than that of wild-type FBXO3 in MDA-MB-231 cells, implying that

FBXO3 can impact cell migration independent of its E3 ubiquitin ligase activity and that

FBXO3 may regulate other substrates to influence cell migration. For instance, FBXO3 may

influence cell migration through FBXL2-mediated EGFR protein abundance, in which FBXL2

has been shown as a substrate of FBXO3 [32,43].

USP4 is critically involved in tumor growth and metastasis. USP4 protein stability is criti-

cally regulated. AKT can facilitate USP4 phosphorylation and stabilization [29]. USP4 can also

be self-deubiquitylated to promote homologous recombination [44]. Notably, aspartyl amino-

peptidase (DNPEP) can bind to, hydrolyze, and destabilize USP4 [38]. In this study, we dem-

onstrate that USP4 is a key downstream effector in PI3K-induced breast cancer metastasis.

Mechanistically, we found that the ApaG domain of FBXO3 binds to USP4 to prevent USP4

interaction with DNPEP thereby leading to USP4 protein stabilization. It is plausible that

FBXO3 and DNPEP may compete to bind USP4, a notion that deserves further investigation.

FBXO3 can function as an E3 ubiquitin ligase to regulate various physiological and bio-

chemical processes, yet how FBXO3 is regulated is elusive. It has been reported that lipopoly-

saccharide (LPS) exposure can up-regulate FBXO3 expression [45,46]. In addition, MiR-142-

3p can reduce FBXO3 mRNA levels to attenuate oxygen/glucose deprivation-induced injury

[47]. In this study, we demonstrate that activation of the PI3K signaling leads to FBXO3 phos-

phorylation at Thr82 and protein stabilization in an ERK1-dependent manner. Taken

together, this study reveals the pivotal role of the FBXO3-USP4-Twist1 axis in PI3K-mediated

breast tumor metastasis, adding another layer of regulation in PI3K-induced tumor metastasis.

Thus, targeting FBXO3/USP4 may represent a new therapeutic strategy for breast cancer

treatment.

Materials and methods

Ethics statement

All animal experiments in this study were performed in accordance with the institutional ethi-

cal guidelines for animal experiments and were approved by the Animal Ethics Committee of

the College of Life Sciences, Sichuan University (Animal ethical license number:

SCU220713001).

Cell culture and drug treatment

Human embryonic kidney HEK293T cells, human breast cancer MDA-MB-231, MDA-MB-

468 or Hs578T cells were purchased from ATCC and were cultured in DMEM (GIBCO, Rock-

ville, Maryland, United States of America), supplemented with 10% fetal bovine serum (FBS;

Hyclone, Logan, Utah, USA), 100 units/mL penicillin (GIBCO) and 100 μg/mL streptomycin
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(GIBCO). Among them, the medium of Hs578T cells was supplemented with 10 μg/mL insulin

(Sigma, St. Louis, Missouri, USA). Human breast cancer MDA-MB-453 or SKBR3 cells were

purchased from ATCC and were cultured in Leibovitz’s L-15 (GIBCO) medium or McCoy’s

5A medium (Basalmedia Technologies, Shanghai, China), respectively, both of which were

supplemented with 10% FBS, 100 units/mL penicillin (GIBCO) and 100 μg/mL streptomycin

(GIBCO). Human non-transformed mammary epithelial MCF-10A cells were purchased from

ATCC and were grown in F12 (Invitrogen, Carlsbad, California, USA), supplemented with 5%

horse serum, 100 ng/mL cholera toxin (Sigma, St. Louis, Missouri, USA), 10 μg/mL insulin

(Sigma, St. Louis, Missouri, USA), 20 ng/mL epidermal growth factor (Invitrogen, Carlsbad,

California, USA), and 500 ng/mL (95%) hydrocortisone (Sigma). All cells were incubated at

37˚C and 5% CO2. Cells were treated with 10 μm U0126 (Selleck Chemicals, Houston, Texas,

USA) for 12 h, 8 μm MK2206 (Selleck) for 8 h, 10 μm MG132 (Selleck) for 8 h, 45 μm chloro-

quine (Selleck) for 36 h or 0.5 μm aminopeptidase inhibitor Tosedostat (MedChemExpress

(MCE), Shanghai, China) for 16 h at 70% to 85% confluence. Cells were treated with 20 or

50 μg/mL the protein synthesis inhibitor cycloheximide (CHX) (Sigma) and total protein was

extracted at various time points. The expression of proteins was quantified by image J

software.

Plasmid DNA transfection, lentiviral infection, and RNA interference

Cells were transfected utilizing Lipofectamine 2000 (Invitrogen, Carlsbad, California, USA)

according to the manufacturer’s protocols. Lentivirus were generated by transfecting

HEK293T cells at 80% to 90% confluence with pMD2.G and psPAX2 packaging plasmids and

one of lentiviral expression plasmids. Virus was collected at 72 h post-transfection and used

for cell infection at 30% confluence with 10 μg/mL polybrene (Sigma). Lentivirus-mediated

FBXO3 shRNAs #1 (50-CCTGGGTTCTATGTGACACTA-30), #2 (50-AGGAAGATACATT

GACCATTA-30); USP4 shRNA (50-CCCAACTGTAAGAAGCATCAA-30); Twist1 shRNA

(50-GCTGAGCAAGATTCAGACC-30) and control (50-TGCGTTGCTAGTACCAAC-30)

were cloned into the pLKO.1-puro (Shanghai, GeneChem). Depletion efficiency was evaluated

by western blot analysis.

Co-immunoprecipitation and western blot analysis

For co-immunoprecipitation assays, cell lysates were centrifuged and the supernatant was

incubated with an indicated antibody (anti-FBXO3 (SC-514625) or anti-USP4 (SC-376000)

purchased from Santa Cruz Biotechnology) prior to incubation with Protein G Plus/Protein A

Agarose beads (Calbiochem) or was incubated with FLAG/HA M2-conjugated agarose beads

(Sigma Aldrich) at 4˚C overnight. The beads were washed 3 times with cold wash buffer and

the precipitated proteins were further analyzed by western blot analyses. For total protein iso-

lation, cells were lysed in EBC250 lysis buffer (250 mM NaCl, 50 mM Tris-HCl 8.0, 0.5% Noni-

det P-40, and supplemented with 0.5 mM Na3VO4, 50 mM NaF, 0.2 mM PMSF, 20 μg/mL

aprotinin, and 10 μg/mL leupeptin). Western blotting analyses were performed as described

[48]. Anti-GAPDH antibody (AB0036) was purchased from Abways (Shanghai, China). Anti-

β-catenin (610154) antibody was purchased from BD Transduction (Lexington, Kentucky,

USA). Anti-p110α (4249), anti-ERK (9102), anti-pERK (9101), anti-AKT (9272), anti-pAKT

(4058), anti-HA (3724), anti-Snail (3895), and anti-Slug (9585) antibodies were purchased

from Cell Signaling Technology (CST). Anti-Twist1 (AF5224) and anti-DNPEP (DF12954)

antibodies were purchased from Affinity Biosciences. Anti-FBXO3 (SC-514625) antibody was

purchased from Santa Cruz Biotechnology. Anti-USP4 (612819) was purchased from
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zenbioscience (Chengdu, China). Goat anti-rabbit IgG HRP (SC-2004) and anti-mouse (SC-

2005) (Thermo Fisher) were used as secondary antibodies.

RNA isolation, RT-PCR, and real-time PCR

Total RNA was isolated using RNeasy plus Mini Kit (macherey-nagel) (Düren, Germany) as

per the manufacturer’s instruction; 1 to 2 μg of total RNA was reverse-transcribed with Super-

script III reverse transcriptase (Invitrogen) and Oligo (dT) (Invitrogen). Real-time quantifica-

tion of USP4 and Twist1 was performed using power SYBR Green PCR Master Mix (Applied

Biosystems, Foster City, California, USA). GAPDH was used as the endogenous control. The

following primers were used: USP4 (F: 50-CTTATTGACAGCCGGTGGTT-30, R: 50- GTTTA

TTCCACGCCTCGGTA-30); Twist1 (F: 50-GTCCGCAGTCTTACGAGGAG-30, R: 50-GCTTG

AGGGTCTGAATCTTGCT-30); GAPDH (F: 50-TGGACTCCACGACGTACTCA-30, R: 50-A

ATCCCATCACCATCTTCCA-30). Each measurement was performed in CFX-96 Real time

PCR System (Bio-Rad, Saint-Laurent, QC, Canada) with Bio-Rad SsoFast EvaGreen Supermix

(Bio-Rad) and analyzed using Bio-Rad Software. Gene expression was determined using the

threshold cycles (ΔΔCT) method. Data are always presented as mean ± SD, and technical trip-

licates were performed in all cases.

Wound-healing and transwell assay

For wound-healing assays, cells were seeded into 6-well plates and grown to 90% to 100% con-

fluency in growth media, and then wounded with a 1 milliliter pipette tip. Cells were washed

twice with PBS and incubated in serum-free media. At indicated time intervals, migrated cells

into the wound were photographed under a light microscope (Nikon Eclipse Ti-S/L 100).

Transwell assays for migration were performed in transwell inserts with a 6.5-mm, 8.0-μm-pore

polycarbonate membrane (BD Biosciences, San Jose, California, USA). Briefly, cells were sus-

pended in serum-free media and seeded into the inner chamber (MCF-10A, 5 × 104 cells per

chamber; MDA-MB-231, 1 × 104 cells per chamber; MDA-MB-468, 4 × 104 cells per chamber;

SKBR3, 4 × 104 cells per chamber; Hs578T, 5 × 104 cells per chamber). The outer chamber con-

tained 600 μl complete media. Cells were incubated for 24 h (MCF-10A) or 12 h (MDA-MB-

231, MDA-MB-468, SKBR3, and Hs578T) and then nonmigrating cells on the inside of the

membrane were removed carefully with cotton swabs, while migrated cells on the outside of the

membrane were fixed with 4% paraformaldehyde and stained with 0.1% Crystal violet in 70%

methanol for 20 min, photographed under a light microscope, and analyzed by Image J.

Immunofluorescent assay

For immunofluorescent assay, cells grown on coverslips were fixed with 4% polyformaldehyde

and permeabilized with 0.3% Triton X-100 in PBS at room temperature. After blocked with

4% bovine serum albumin in PBS, the cells were then rinsed with PBS hybridized to an appro-

priate primary antibody, and FITC-conjugated secondary antibody (Jackson ImmunoRe-

search, Westgrove, Pennsylvania, USA), PE-conjugated secondary antibody (Jackson

ImmunoResearch) and counter-staining using DAPI (Beyotime) for subsequent detection.

Coverslips were mounted with ProLong Gold antifade reagent (Invitrogen). The cells were

observed under the Leica TCS SP5 II system.

In vivo metastasis assay using tail vein injection

MDA-MB-231 or MCF-10A stable cells were obtained and used in the tail vein injection in

BALB/c nude mice. Briefly, 6.0 × 105 MDA-MB-231 cells or 5.0 × 106 MCF-10A cells in 100 μl
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PBS were injected into the lateral tail vein of 5-week-old female BALB/c nude mice (5 mice per

group). Seven weeks after injection, the lungs of mice were dissected, fixed with 4% polyfor-

maldehyde, and inspected for metastatic nodules under a dissecting microscope, then embed-

ded in paraffin. Lung structure of each sample was observed and photographed after HE

staining. All studies involving mice were approved by the Institutional Animal Care and Use

Committee.

Immunohistological chemistry (IHC) and tissue microarray

TMA slides of human breast cancer specimens (HBreD030PG03 and HBreD020PG01) were

purchased (OUTDO, Shanghai, China). Antibodies specific against FBXO3 (SC-514625) anti-

body from Santa Cruz Biotechnology, Twist1 antibody (RT1635) from HuaBio, and USP4

antibody (612819) from zenbioscience were used for immunohistochemistry (IHC) staining.

FBXO3, USP4, and Twist1 staining were analyzed by calculating the integrated optical density

(IOD) using Image-Pro Plus 6.0 (Media Cybernetics, Massachusetts, USA), and the average

optical density (AOD) was calculated using the formula: AOD = IOD/Area as described [49].

Bioinformatics

The data were analyzed using Prism 8.0 (GraphPad). Paired two-tailed Student’s t tests were

used to compare the means between groups. One-way or two-way ANOVA was used to assess

changes in values for serial measurements over time. Significance was set at p< 0.05. Kaplan–

Meier plots of OS and progression-free survival (RFS) of human breast cancer stratified by the

PIK3CA, FBXO3, USP4, or Twist1 mRNA expression levels were analyzed using the Kaplan–

Meier survival datasets. For multigene analysis of OS and RFS in the Kaplan–Meier survival

datasets, the population was stratified by the mean mRNA expression levels of a set of 4 genes

(PIK3CA, FBXO3, USP4, and Twist1).

Supporting information

S1 Data. Underlying numerical data and statistical analysis for Figs 1C, 1F, 1I, 2D, 2G, 2I,

3B, 3D, 3L, 3N, 3O, 5E, 5I, 5K, 6B, 6D, 6G, 6H, 6I, 6J and 6K and S2A, S2C, S3A, S3B, S3D,

S4A, S4C, and S4E Figs.

(XLSX)

S1 Raw Images. Original images supporting all western blot results reported in Figs 1A,

1D, 1G, 2A, 2B, 2C, 3A, 3C, 3E, 3F, 3G, 3H, 3I, 3J, 3K, 4A, 4B, 4C, 4D, 4E, 4F, 4G, 4H, 4I,

5A, 5B, 5C, 5D, 5E, 5F, 5G, 5H, 5J, 5L, 6A and 6F and S1A, S2B, S2D, S3C, S4B, S4E, S4F

and S4G Figs. The experimental samples, loading order, and molecular weight markers are

indicated.

(PDF)

S1 Fig. FBXO3 promotes cell migration in an E3 ubiquitin ligase-independent manner. (A)

MCF-10A, MDA-MB-231, MDA-MB-468, SKBR3, or Hs578T cells were subjected to western

blot analysis. (B) MDA-MB-231 stable cells expressing specific shRNA against FBXO3

(shFBXO3-#1 or shFBXO3-#2) or GFP (shCtrl) were subjected to wound-healing assays. Scale

bar = 100 μm. (C, D) MDA-MB-231 or MCF-10A stable cells expressing HA-FBXO3WT,

HA-FBXO3ΔF, or a vector control (Vec) were subjected to wound-healing assays. Scale

bar = 100 μm.

(TIF)
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S2 Fig. FBXO3 has little effect on the steady-state mRNA levels of Twist1. (A) MDA-MB-

231 stable cells were subjected to qRT-PCR assays. Data were derived from 3 independent

experiments. (B, C) MCF-10A stably expressing HA-FBXO3 was treated with cycloheximide

(CHX) for the indicted times prior to western blot analyses (B). The relative Twist1 protein

expression levels were quantitated by image J software (C). (D) Hs578T cells stably expressing

HA-FBXO3ΔF were infected with a recombinant lentivirus expressing specific shRNA target-

ing to USP4 or a vector control (-) were subjected to western blot analyses. (E, F) MDA-MB-

231 cells stably expressing HA-FBXO3WT, HA-FBXO3ΔF, or a vector control (Vec) were

infected with a recombinant lentivirus expressing specific shRNA targeting to USP4 or GFP

(-). Stable cells were then subjected to transwell assays. Scale bar = 100 μm. The data underly-

ing the graphs shown in the figure can be found in S1 Data.

(TIF)

S3 Fig. FBXO3 does not affect USP4 gene transcription. (A, B) MDA-MB-231 stable cells

were subjected to qRT-PCR assays. Data were derived from 3 independent experiments. (C,

D) MDA-MB-231 stable cells were treated with cycloheximide (CHX) for the indicted times

prior to western blot analyses (C). The relative USP4 protein expression levels were quantitated

by image J software (D). The data underlying the graphs shown in the figure can be found in

S1 Data.

(TIF)

S4 Fig. Ectopic expression of p110αH1047R up-regulates FBXO3 and USP4 protein expres-

sion. (A) MCF-10A, MDA-MB-231, MDA-MB-468, SKBR3, Hs578T, or MDA-MB-453 cells

were subjected to transwell assays. Cells were suspended in serum-free media, seeded into the

transwell inner chamber (5 × 104 cells per chamber) and incubated for 24 h. Scale

bar = 100 μm. (B, C) MCF-10A stably expressing p110α, p110αE542K, p110αE545K, p110αH1047R

or a vector control (Vec) were subjected to western blot analyses (B) and transwell assays (C).

Scale bar = 100 μm. (D) MDA-MB-231 cells stably expressing p110αH1047R or a vector control

(Vec) were subjected to Immunofluorescence staining for USP4 (green) and FBXO3 (red) and

counterstained with DAPI. Scale bar = 50 μm. (E) MCF-10A cells stably expressing

p110αH1047R or a vector control (Vec) were treated with cycloheximide (CHX) for the indicted

times, and the relative FBXO3 protein expression levels were quantified by image J software.

(F, G) HEK293T cells were co-transfected with p110αH1047R and either HA-FBXO3 wild-type

(WT) or an HA-FBXO3 mutant (S26A, T82A, S166A, S356A, or Y233A) expressing plasmids

for 36 h, and cells were then subjected to western blot analyses. The data underlying the graphs

shown in the figure can be found in S1 Data.

(TIF)

S5 Fig. Ectopic expression of p110αH1047R induces cell migration by up-regulation of

FBXO3 and USP4. (A, B) MCF-10A cells stably expressing p110αH1047R were infected with a

recombinant lentivirus expressing specific shRNA targeting to FBXO3 or GFP (shCtrl). Cells

were then subjected to transwell assays (A) and wound-healing assays (B). Scale bar = 100 μm.

(C, D) MDA-MB-231 or MCF-10A cells stably expressing p110αH1047R were infected with a

recombinant lentivirus expressing specific shRNA targeting to USP4 or GFP (-). Cells were

then subjected to transwell analyses. Scale bar = 100 μm.

(TIF)
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