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Ubiquitination of NF-κB p65 by FBXW2 suppresses breast
cancer stemness, tumorigenesis, and paclitaxel resistance
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The F-box and WD-repeat-containing protein 2 (FBXW2) plays a crucial role as an E3 ligase in regulating tumorigenesis. However,
the functions of FBXW2 in breast cancer are still unknown. Here, we find that nuclear factor-kB (NF-κB) p65 is a new substrate of
FBXW2. FBXW2 directly binds to p65, leading to its ubiquitination and degradation. Interestingly, p300 acetylation of p65 blocks
FBXW2 induced p65 ubiquitination. FBXW2-p65 axis is a crucial regulator of SOX2-induced stemness in breast cancer. Moreover,
FBXW2 inhibits breast tumor growth by regulating p65 degradation in vitro and in vivo. FBXW2 overexpression abrogates the
effects of p65 on paclitaxel resistance in vitro and in vivo. Furthermore, FBXW2 induced p65 degradation is also confirmed in
FBXW2-knockout mice. Our results identify FBXW2 as an important E3 ligase for p65 degradation, which provide insights into the
tumor suppressor functions of FBXW2 in breast cancer.
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INTRODUCTION
Breast cancer is a leading cause of cancer death in women
worldwide, with a steady increase in incidence [1]. In developed
countries, breast cancer treatment is continually being improved
to further reduce mortality [2]. Breast cancer affects approximately
one in eight women in developed countries, remaining the
primary burden of cancer-related diseases in women [3]. Preven-
tion provides the most cost-effective strategy to reduce the public
health cost of breast cancer. However, no clear approach to
prevent breast cancer has been defined.
The SCF (SKP1-Cullin1-F-box protein) ubiquitin complex, also

known as CRL1 (Cullin-RING ligase 1), consists of S-phase kinase-
associated protein 1 (SKP1), Cullin-1, Ring box protein-1 (RBX1)/
ROC1, and an F-box protein, which recognizes the specificity of
the substrates [4]. Part of a huge family, SCF ubiquitin ligase
plays an important role in regulating cancer progression [5]. One
67KD F-box protein, F-box and WD-repeat-containing protein 2
(FBXW2), has been identified as a new tumor suppressor in
multiple cancers [6]. As a housekeeping gene, FBXW2 induces
the degradation of S-phase kinase-associated protein 2 (SKP2)
and decreases lung tumor growth [7]. Furthermore, FBXW2
inhibits migration and invasion of lung cancer cells through the
ubiquitination and degradation of β-catenin [8]. The receptor for
activated C kinase 1 (RACK1) binds to FBXW2, leading to
increased stability of glial cells missing transcription factor 1
(GCM1) and enhancing placental cell migration and invasion [9].
In addition, FBXW2 interacts with a known transcription
repressor MSX2, promoting its ubiquitination and degradation,
consequently leading to an increased expression of sex-
determining region Y-box 2 (SOX2) [10]. Furthermore,
FBXW2–MSX2–SOX2 axis regulates stem cell property and drug

resistance [10]. However, the role of FBXW2 in breast tumor-
igenesis remains largely unknown.
The transcription factor nuclear factor-kB (NF-κB) plays an

important role in multiple cancers [11]. It composes of five members,
p65 (RELA), p50 (RELB), c-REL, NF-κB1, and NF-κB2. NF-κB mainly acts
as an oncogene, playing a very complicated role in tumors [12]. The
most abundant form of NF-κB is a heterodimer of p50 and
p65 subunits. The p65 subunit has a transcriptional activation
domain and is involved in cell survival, invasion, proliferation,
metastasis, angiogenesis, and chemoresistance [13]. Ubiquitination
of p65 plays an important role in regulating its function. PDLIM2 acts
as a nuclear ubiquitin E3 ligase and targets the p65 subunit of NF-κB,
negatively regulating NF-κB activity [14]. Furthermore, PPARγ, also
acting as an E3 ubiquitin ligase, interacts with p65 and inhibits NF-κB
activation by inducing its proteasome-dependent degradation [15].
However, the upstream E3 ligases that regulate p65 ubiquitination
are still poorly understood.
In our study, we demonstrate that FBXW2 E3 ligase ubiquiti-

nates p65 at K122, leading to a decrease in SOX2 expression.
Degradation of p65 by FBXW2 decreases stemness, breast tumor
growth, and paclitaxel resistance in vitro and in vivo. Furthermore,
the level of FBXW2 expression correlates negatively with p65 level
in breast cancer tissues. Collectively, our work discovers a new
signaling cascade of the FBXW2-p65-SOX2 axis that regulates
breast tumorigenesis.

MATERIALS AND METHODS
Cell culture
HEK293T, MCF-7, and MDA-MB231 cell lines were cultured in DMEM
medium containing 10% fetal bovine serum (FBS, Gibco) and 1% penicillin-
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streptomycin at 37 °C and 5% CO2. MCF10A cell line was cultured in
DMEM/Ham’s F12 supplemented with 5% horse serum (Gibco), hydro-
cortisone, insulin, epidermal growth factor (EGF) (Sigma), and 1% penicillin-
streptomycin at 37 °C and 5% CO2. All cell lines were passaged no more
than 15 times for use in experiments and were authenticated by short
tandem repeat analysis. All cell lines were found to be negative for
Mycoplasma by PCR assays every 2 months.

RT-PCR
Total RNA was extracted from indicated cells as previously described [16],
and RNA was reversely transcribed using PrimeScript™ RT reagent Kit
(Takara) according to the manufacturer’s instructions. RT-PCR was
performed by TB Green® Fast qPCR Mix (Takara). β-actin was used as an
endogenous control. Sequence information for primers was listed
in Supplementary materials.

Immunoprecipitation (IP), GST pull-down assays and western
blotting
The indicated cells were lysed in NP40 buffer with inhibitors (Sigma-
Aldrich) [17]. Cell lysates were incubated with indicated beads and
antibodies overnight at 4 °C. Then the beads were washed 5 times with
lysis buffer, and used for indicated experiments. The indicated proteins
were purified from E. coli BL21 (DE3), and GST-pull down assays were
performed as described previously [17–19]. For western blotting, cells were
lysed in cell lysis buffer and then were centrifuged at 13,000 rpm at 4 °C for
10min. The supernatant was quantified using BCA protein assay, and
boiled with 5× loading buffer. The samples were loading on SDS-PAGE gels
and transferred onto PVDF membrane. The membranes were incubated
with indicated primary antibody at 4 °C overnight after blocking with 5%
non-fat milk in room temperature [20]. The proteins were visualized by
odyssey instrument. The information of antibodies was provided
in Supplementary materials.

In vitro ubiquitylation assay
HA-FBXW2 proteins were purified from transfected 293T cells by IP assays
and then eluted with 3× HA peptide. Flag-tagged p65 proteins were pulled
down by Flag beads from transfected 293T cells. The reaction was
performed at 37 °C for 1 h in 50 μl reaction buffer (40mM Tris-HCl (pH=
7.5), 5 mM MgCl2, 2 mM DTT, 2 mM ATP) in the presence of E1, E2 and HA-
FBXW2. Poly-ubiquitinated p65 in the Flag beads was washed 3 times and
resolved by SDS-PAGE loading buffer, and then used for WB.

Generation of stable cells using lentivirus
The 293T cells were transfected with the expression and the packaging
plasmids (pMD2.G and psPAX2). The viruses in the supernatants were used
to infect indicated cells. Stable knockdown transfection cell lines were
selected with puromycin (1 μg/mL) or hygromycin (200 μg/mL) for two
weeks. Stable overexpression transfection cell lines were selected with
G418 (1mg/mL) for two weeks. The stable cells were cultured in a 96-well
plate to separate individual clones. The indicated protein expressions were
verified by western blotting.

Xenograft tumor studies
The animal experiments were performed according to the Institutional
Animal Care and Use Committee of Weifang Medical University. In total,
5 × 106 MCF-7 shFBXW2 cells with p65 knockdown were subcutaneously
injected into the flanks of athymic nude mice (4 week old females). Tumor
volume was recorded by formula: tumor volume= (length × width2)/2.
Tumors were dissected and weighed after 3 weeks.
For paclitaxel resistant experiments, 1 × 107 MCF-7/TaxR cells with HA-

FBXW2 overexpression were subcutaneously injected into the flanks of
athymic nude mice (4 week old females). After 7 days, the mice were
randomly divided into four groups: PBS (control), paclitaxel (10 mg/kg)
alone, HA-FBXW2 overexpression alone and HA-FBXW2 overexpression
combined with paclitaxel, and given intraperitoneally three times each
week for treatment. After 14 days of treatment, the mice were sacrificed,
and tumor volume, body, and tumor weights were recorded.

Statistical analysis
Statistical analyses were performed with Graphpad Prism 7.0 software or
SPSS software version 17.0 and presented as mean ± sem. Differences
between variables were done by using the 2-tailed Student’s t-test, and

were considered to be statistically significant at P < 0.05. *P < 0.05 and ns
was not significant.

RESULTS
p65 is a new substrate of FBXW2
Recent studies have shown that FBXW2 played an important role
in regulating cancer progression [7, 8, 10]. To study the clinical
significances of FBXW2, we first evaluated FBXW2 expression in
different types of human cancer using the TIMER database. The
mRNA levels of FBXW2 were significantly higher in normal breast
tissues than in breast cancer tissues (Supplementary Fig. S1A).
Results from the UALCAN database also demonstrated that FBXW2
mRNA levels were significantly lower in breast cancer tissues than
in normal breast tissues (Supplementary Fig. S1B). In addition,
analyses of FBXW2 expression in 12 paired breast cancer samples
and adjacent normal samples indicated a marked decrease in
FBXW2 expression in breast cancer (Supplementary Fig. S1C).
Consistently, the expression of FBXW2 was higher in normal breast
cell line than in breast cancer cell line (Supplementary Fig. S1D).
To study the functions of FBXW2 in breast cancer, we used

FBXW2 as the bait to identify interacting proteins through mass
spectrometry analyses in MCF-7 cells. Surprisingly, we found p65
associated with FBXW2 (Supplementary Fig. S1E and Table S1).
Ectopically expressed FBXW2 and p65 showed its interaction in
293T cells (Fig. 1A, B). We also found endogenous FBXW2 binding
to p65 in MCF-7 breast cells (Fig. 1C, D). GST-pull down assay
showed that FBXW2 is directly bound to p65 in vitro (Fig. 1E).
Moreover, FBXW2 co-localized with p65 both in the cytoplasm and
nucleus of MCF-7 cells (Fig. 1F and Supplementary Fig. S1F). Next,
we mapped the binding regions between FBXW2 and p65. The
full-length FBXW2 protein was cut into three truncated fragments,
amino acids 1–100 (F1), 101–350 (F2), and 351–483 (F3). Based on
its structure, p65 protein was also cut into three fragments, amino
acids 1–291 (P1), 292–428 (P2), and 429–551 (P3). The data
showed that F1 of FBXW2 and P1 of p65 were required for their
interaction (Fig. 1G, H). We next tested whether p65 bound to
other F-box proteins. We constructed Flag-tagged seven F-box
proteins (FBXW1, FBXW4, FBXW5, FBXW7, FBXW8, FBXL3, and
FBXO4) and determined their binding to HA-tagged p65. We
found HA-tagged p65 bound only to Flag-tagged FBXW2 (Fig. 1I).
Analysis of p65 protein sequence revealed one conserved amino-
acid sequence (SDRELS), which resembled the recently defined
canonical FBXW2 degradation motif TSXXXS [8] (Fig. 1J). Before
being targeted for ubiquitination and degradation by the SCF
ubiquitin ligase, a substrate needed to be phosphorylated in order
to interact with an F-box protein [7]. To determine whether p65
binding to FBXW2 is phosphorylation dependent, we constructed
several variants of p65 with different mutations in its FBXW2
binding motifs. As expected, p65-WT and the constitutively active
forms of p65, p65-S276D and p65-S3D (S276D, D277D, and S281D)
[21–25], interacted with FBXW2, whereas the non-
phosphorylatable mutant forms of p65, p65-S276A, and p65-S3A
(S276A, D277A, and S281A) showed no interaction (Fig. 1K). A
previous study showed that PKA phosphorylated p65 at S276,
regulating NF-κB transcriptional activity by modulating its
interaction with CBP/p300 [26]. To study whether PKA is required
for FBXW2-mediated degradation of p65, we reduced the activity
of protein kinase A (PKA) by knockdown or with a PKA inhibitor (H-
89). Indeed, PKA knockdown or PKA inhibitor (H-89) treatment
decreased FBXW2-p65 binding (Supplementary Fig. S1G), suggest-
ing that p65 was a new substrate of FBXW2. Taken together, these
results indicate that p65 is a new substrate of FBXW2.

FBXW2 enhances p65 degradation via the ubiquitin-
proteasome pathway
As an E3 ligase, FBXW2 regulated biological process through
ubiquitination of a series of substrates [10]. To assess the role of
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Fig. 1 p65 is a new substrate of FBXW2. Immunoprecipitation and immunoblotting analyses were performed with the indicated antibodies.
A, B Immunoprecipitation (IP) and western blot analysis of the exogenous FBXW2/p65 proteins interaction in the 293T cells co-transfected
with Flag-tagged FBXW2 and HA-tagged p65. C, D IP and western blot analysis of the endogenous FBXW2/p65 proteins interaction in the
MCF-7 cells. E GST-pull down assay analysis of FBXW2/p65 proteins interaction using purified GST-tagged FBXW2 and His-p65. F Confocal
immunofluorescence microscopy analysis of the p65/FBXW2 proteins interaction in the MCF-7 cells. G IP and western blot analysis of the HA-
tagged p65/GFP-tagged FBXW2 fragments proteins interaction in the 293T cells. H IP and western blot analysis of the HA-tagged FBXW2/GFP-
tagged p65 fragments proteins interaction in the 293T cells. I IP and western blot analysis of the HA-tagged p65/Flag-tagged FBXs proteins
interaction in the 293T cells. J Evolutionary conservation of FBXW2 degron motif on p65. K IP and western blot analysis of the HA-tagged p65
(WT, 3D (S276D, D277D and S281D), 3 A (S276A, D277A and S281A), S276A or S276D)/Flag-tagged FBXW2 proteins interaction in the
293T cells.
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FBXW2 in regulating p65 protein stability, we manipulated FBXW2
expression through knockdown or overexpression. Overexpres-
sion of FBXW2 decreased p65 protein stability (Fig. 2A and
Supplementary Fig. S2A, B). Furthermore, wild-type FBXW2
promoted p65 protein degradation, whereas FBXW2-ΔF, which
lacked the ability to recruit other components of SCF ubiquitin
ligase, had little effect [8] (Fig. 2B). Similarly, FBXW2 did not alter
the stability of p65-S3A mutant, which lacked the ability to bind to
FBXW2 (Supplementary Fig. S2C). Moreover, knockdown or
overexpression of FBXW2 affected p65 protein stability in breast
cancer cells (Fig. 2C–G), but did not affect its mRNA levels

(Supplementary Fig. S2D). The knockdown efficiency was verified
by western blotting (Supplementary Fig. S2E). Furthermore, we
constructed a FBXW2-knockout mouse model and got mouse
embryonic fibroblasts (MEFs) cells from mouse embryos. Consis-
tent with the results from our previous experiments, FBXW2-
knockout MEFs expressed increased p65 protein level (Fig. 2H). To
test whether the proteasome pathway is involved in FBXW2-
induced degradation of p65, we treated the transfected cells with
the proteosomal inhibitor MG132. Interestingly, MG132 blocked
the FBXW2-mediated degradation of p65 protein, suggesting that
FBXW2 regulated p65 protein degradation via the ubiquitin

Fig. 2 FBXW2 enhances p65 degradation via the ubiquitin-proteasome pathway. Immunoblotting analyses were performed with the
indicated antibodies. A The 293T cells were overexpressed with the indicated HA-tagged p65 and Flag-tagged FBXW2 (0, 0.5, or 1 μg) proteins.
Immunoblotting analyse was performed. B The 293T cells were overexpressed the indicated HA-tagged p65 and Flag-tagged FBXW2 (WT or
ΔF) proteins. Immunoblotting analyse was performed. C, E MCF-7 or MB231 cells were overexpressed the indicated Flag-tagged FBXW2
proteins. Immunoblotting analyse was performed. D, F MCF-7 or MB231 cells were knocked down FBXW2 with shRNA. Immunoblotting
analyse was performed. G MCF-7 or MB231 cells were knocked down FBXW2 with shRNA. Immunofluorescence was performed. H FBXW2
depletion caused increase of p65 protein level in MEFs cells. Immunoblotting analyse was performed. I The 293T cells with overexpression of
the indicated both Flag-tagged FBXW2 and HA-tagged p65 proteins was treated with MG132 for 8 h. Immunoblotting analyses were
performed. J MCF-7 cells with overexpression of Flag-tagged FBXW2 were treated with CHX for the indicated time. Immunoblotting analyse
was performed. KMCF-7 cells with knockdown of FBXW2 were treated with CHX for indicated time. Immunoblotting analyse was performed. L
MEFs cells with knockout of FBXW2 were treated with CHX for indicated time. Immunoblotting analyse was performed.
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proteasome pathway (Fig. 2I). Furthermore, we treated indicated
cells with cycloheximide (CHX) to examine the half-life of p65
protein. Consistent with our previous observed effect of FBXW2 on
p65 protein, FBXW2 clearly decreased the half-life of p65
compared with the control (Fig. 2J–L). However, inhibition of
PKA abrogated this effect (Supplementary Fig. S2F). Collectively,
these results suggest that FBXW2 promotes p65 degradation via
the ubiquitin proteasome pathway.

FBXW2 ubiquitination p65 at K122 site depends on p300
induced acetylation
As our data showed that FBXW2 decreased p65 protein stability
via the ubiquitin proteasome pathway, we next determined
whether FBXW2 could directly regulate the ubiquitination level of

p65. We found that knockdown or overexpression of FBXW2 in
MCF-7 cells altered the ubiquitination level of p65 (Fig. 3A, B).
Moreover, FBXW2-knockout MEFs showed reduced ubiquitination
level of p65 (Fig. 3C). Furthermore, FBXW2 could directly
ubiquitinate p65 in vitro (Fig. 3D). Interestingly, FBXW2 ubiquitina-
tion of p65 required PKA (Supplementary Fig. S3A). FBXW2
induced ubiquitination of p65-S3A mutant was markedly less than
its ubiquitination of the wild-type p65 (Supplementary Fig. S3B).
Furthermore, we isolated nucleus and cytoplasm proteins from
FBXW2 knockdown MCF-7 cells. The data showed that FBXW2
promoted ubiquitination of p65 both in the cytoplasm and
nucleus, which was consistent with the PLA results. To identify the
lysine residues on p65 protein ubiquitinated by FBXW2, we
mutated all lysine residues on p65 protein. Interestingly, FBXW2

Fig. 3 FBXW2 ubiquitination p65 at K122 site depends on p300 induced acetylation. Immunoblotting analyses were performed with the
indicated antibodies. A MCF-7 cells were stably expressed shRNA-FBXW2. Cells were treated with MG132 for 8 h followed by IP and western
blot. BMCF-7 cells were transfected with Flag-tagged FBXW2. After 48 h transfection, cells were treated with MG132 for 8 h followed by IP and
western blot. C The indicated MEFs cells were treated with MG132 for 8 h followed by IP and western blot. D FBXW2 proteins were purified
from 293T cells transfected with HA-tagged FBXW2 by IP with HA beads and elution with 3× HA peptide. p65 proteins were purified from
293T cells with Flag-tagged p65 transfected by IP with Flag beads. FBXW2 and p65 on Flag beads were added into a reaction mixture
containing ATP, His-ubiquitin, E1 and E2, followed by constant mixing at 37 °C for 60min. Immunoblotting analyse was performed. E, F The
293T cells were co-overexpressed both Flag-tagged FBXW2 and different mutants of HA-tagged p65. Immunoblotting analyse was performed.
G The 293T cells were co-overexpressed both HA-tagged FBXW2 and Flag-tagged p65 (WT or K122R). After 48 h transfection, cells were
treated with MG132 for 8 h followed by IP and western blot. H 293T cells transfected with different ubiquitin mutants were co-overexpressed
both HA-tagged FBXW2 and Flag-tagged p65. After 48 h transfection, cells were treated with MG132 for 8 h followed by IP and western blot.
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did not affect the protein stability of p65-K122R mutant (Fig. 3E, F),
also failing to ubiquitinate it (Fig. 3G). That FBXW2 could not
ubiquitinate p65-K122R mutant suggested that FBXW2 ubiquiti-
nated p65 at K122, thereby altering p65 stability. To determine
which lysine (K)-linked polyubiquitin chain conjugated with p65,
we overexpressed several ubiquitin mutants. We found that p65
was conjugated with lysine (K) 48- or 63-linked polyubiquitin
chains (Fig. 3H).
K122 site of p65 was demonstrated to be ubiquitinated [27] or

acetylated [28, 29] by mass spectrum. Because p65 was acetylated
at K122 by p300 [30], we clarified the relationship between
ubiquitination and acetylation of p65 with the following experi-
ments. We manipulated p300 activity by overexpression, knock-
down or with a p300 inhibitor (C646). Our results showed that
p300 blocked the effect of FBXW2 on p65 protein stability in MCF-
7 cells (Supplementary Fig. S4A, B). Similarly, p300 inhibited
FBXW2 ubiquitination of p65 (Supplementary Fig. S4C). To further

study the mechanisms underlying p300 role on FBXW2 ubiquiti-
nation of p65, we performed IP assay. Interestingly, p300 reduced
FBXW2 interaction with p65 in studies using overexpression,
knockdown, or inhibitor of p300 (Supplementary Fig. S4D, E).
Consistent with its effect on FBXW2 binding to p65, p300
evidently counteracted the effect of FBXW2 on the protein half-
life of p65 (Supplementary Fig. S4F). Together, these results
suggest that FBXW2 ubiquitination of p65 at K122 depends on
p300 regulated p65 acetylation.

FBXW2 decreases transcriptional activity of p65
With FBXW2 significantly altering p65 protein stability, we
speculated that inactivation of FBXW2 would regulate p65 global
transcriptional program. To this end, we performed RNA-
sequencing analysis of FBXW2-depleted MCF-7 cells (Supplemen-
tary Fig. S4G, H), using Volcano-plot identified the significantly
regulated genes with a middle-high expression basement (Fig. 4A).

Fig. 4 FBXW2 decreases transcriptional activity of p65. A The volcano map results of knocking down FBXW2 in MCF-7 cells. B Heat map
representing the most significantly regulated genes detected in RNA-seq analysis with knockdown of FBXW2 in MCF-7 cells. C Gene set
enrichment analysis (GSEA) of regulated genes in FBXW2 knockdown MCF-7 cells. D, E Examination of the mRNA levels of LIN28B, QPCT,
SCN5A, and WT1 by RT-PCR analyses in breast cancer cells. F, G Luciferase reporter assays were performed in FBXW2 knockdown breast cancer
cells. H, I CHIP assays were performed using FBXW2 knockdown breast cancer cells. The results were normalized against the values of IgG
controls. (All data represent mean ± SEM n= 3), *p < 0.05.
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Fig. 5 The FBXW2–p65 axis regulates breast cancer stemness via upregulation of SOX2. A, B SOX2 mRNA levels were quantitated
by RT-PCR in FBXW2-depleted breast cancer cells rescued with rFBXW2. C, D Immunofluorescence analysis of FBXW2-depleted breast cancer
cells rescued with rFBXW2. E Tumor sphere formation assays were performed in FBXW2-depleted breast cancer cells rescued with rFBXW2.
F, G Breast cancer cells were overexpressed Flag-tagged FBXW2 with shRNA-control or shRNA-p65 lentiviral. (All data represent mean ± SEM
n= 3), *p < 0.05.
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From the list of 30 top differentially expressed genes, we found
that FBXW2-depleted cells showed increased expression of
previously reported p65 transcriptional target genes such as
LIN28B [31], QPCT [32], SCN5A [33], and WT1 [34] (Fig. 4B).
Furthermore, FBXW2 depletion significantly upregulated NF-κB-
induced gene expression programs (Fig. 4C). Moreover, RT-PCR
data confirmed that depletion of FBXW2 increased RNA expres-
sion of LIN28B, QPCT, SCN5A, and WT1 in breast cancer cells

(Fig. 4D, E). In addition, luciferase reporter assays showed that
FBXW2 significantly reduced p65 transcriptional activity in these
cells (Fig. 4F, G). To determine whether FBXW2 reduces p65
binding to its target gene promoters, we performed chromatin-
immunoprecipitation (CHIP) assay. Our results showed that FBXW2
decreased p65 binding to the promoter of QPCT, previously
reported to be a p65 target gene (Fig. 4H, I). Thus, FBXW2 impairs
the transcriptional activity of p65.

Fig. 6 p65 is involved in FBXW2 inhibiting breast tumor growth in vitro and in vivo. A MCF-7 or MB231 cells with FBXW2 depletion
reconstituted stable knockdown of p65. Total cell lysates were prepared, and immunoblotting analyse was performed. B MCF-7 or MB231 cells
with FBXW2 depletion reconstituted stable knockdown of p65. CCK-8 assays were performed. C MCF-7 or MB231 cells with FBXW2 depletion
reconstituted stable knockdown of p65. Clone formation assays were performed. D MCF-7 or MB231 cells with FBXW2 depletion reconstituted
stable knockdown of p65. Wound healing assays were performed. E MCF-7 or MB231 cells with FBXW2 depletion reconstituted stable
knockdown of p65. Cell invasion assays were performed. F–H MCF-7 cells with FBXW2 depletion reconstituted stable knockdown of p65 were
subcutaneously injected into nude mice. After 3 weeks, the mice were sacrificed and dissected at the endpoint. Tumor growth and weight
were examined. I Representative images of H/E staining and Ki67 staining of tumor samples (Scale bar, 20 μm). (All data represent mean ± SEM
n ≥ 3), *p < 0.05.
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The FBXW2–p65 axis regulates breast cancer stemness via
upregulation of SOX2
Our RNA-sequencing results showed that FBXW2 knockdown
upregulated expression of SOX2, a key transcription factor in
maintaining stemness. To examine whether FBXW2 regulates
SOX2 expression, we knocked down and restored FBXW2 in breast
cancer cells. We found that FBXW2 inhibited SOX2 expression
(Fig. 5A–D). It also inhibited breast cancer cell sphere formations
(Fig. 5E). As p65 was a transcriptional factor which governed
breast cancer stemness [35–37], we asked whether p65 could
directly regulate SOX2 expression. Indeed, p65 knockdown
dramatically reduced both RNA and protein levels of SOX2 in
breast cancer cells (Supplementary Fig. S5A–C). In addition,
luciferase reporter assay and CHIP assay showed that p65 directly
bound to the promoter of SOX2, which suggested that SOX2 was a
direct target gene of p65 (Supplementary Fig. S5D–F). Further-
more, we determined whether FBXW2 regulation of SOX2
expression required p65. We found that knockdown of p65
blocked FBXW2-regulated expression of SOX2 (Fig. 5F, G). More-
over, knockdown of FBXW2 could promote p65 binding to SOX2
promoter (Supplementary Fig. S5G). Our data suggest that the
FBXW2-p65 axis regulates breast cancer stemness via upregulation
of SOX2.

p65 is involved in FBXW2 inhibiting breast tumor growth
in vitro and in vivo
Previous studies showed that FBXW2 was a tumor suppressor in
multiple cancers [8]. To further clarify the role of the FBXW2/
p65 signaling pathway in tumor growth, FBXW2-knockdown
breast cancer cells were stably knocked down p65 (Fig. 6A).
Knocking down FBXW2 significantly increased cell proliferation
but knocking down both FBXW2 and p65 no longer produced this
effect (Fig. 6B). Colony formation assay also showed that FBXW2
affected cell proliferation through its regulation of p65 (Fig. 6C).
Furthermore, the cell-scratch test and transwell migration assay
demonstrated that FBXW2 required p65 in its regulation of cell
migration (Fig. 6D, E). To test whether FBXW2 regulates breast
tumor growth via p65 in vivo, we employed an in vivo xenograft
tumor model. Comparing tumors derived from cells with stable
knockdown of FBXW2 alone and cells with knockdown of both
FBXW2 and p65, we found that FBXW2 mediated tumor growth
in vivo through its regulation of p65 (Fig. 6F–H). Moreover,
immunohistochemistry (IHC) staining of these tumors for the
expression of the proliferation biomarker Ki67 showed that
knockdown of p65 significantly reduced the effect of FBXW2 on
cancer cell proliferation in vivo (Fig. 6I). As p300 acetylation of p65
inhibited FBXW2 ubiquitination of p65, we proceeded to

Fig. 7 FBXW2-p65 axis is involved in regulating breast cancer cell paclitaxel resistance. A Total cell lysates from MCF-7 and MCF-7/TaxR
cells were prepared. Immunoblotting analyses were performed. B MCF-7 and MCF-7/TaxR cells were prepared. Immunofluorescence was
performed. C p65 was knocked down in MCF-7/TaxR cells. Cell proliferation rates were measured by cell counting. D FBXW2 was stably
overexpressed in MCF-7/TaxR cells. Cell proliferation rates were measured by cell counting. E MCF-7/TaxR cells with stable expression of
FBXW2 were treated with 10 nM paclitaxel for two days. Cell proliferation rates were measured by cell counting. F-H MCF-7/TaxR cells were
injected into nude mice. After 7 days, the mice were randomly assigned to four groups: PBS (control), paclitaxel, HA-FBXW2 overexpression
and HA-FBXW2 overexpression combined with paclitaxel, and given intraperitoneally three times each week for treatment. After 14 days of
treatment, the mice were sacrificed, and the tumor weight was measured. Tumor volume was measured during the tumor growth for 3 weeks.
(All data represent mean ± SEM n ≥ 3), *p < 0.05.
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determine whether p65 K122 acetylation affected tumor growth.
We knocked down p65 and reconstituted expression of p65 (WT,
K122R or K122Q) in MCF-7 cells (Supplementary Fig. S6A).
Compared with cells expressing p65-WT or p65-K122Q, cells with
p65-K122R mutant showed reduced proliferation (Supplementary
Fig. S6B, C). Moreover, to study the role of p65 acetylation on K122
in tumor growth in vivo, we injected the manipulated MCF-7 cells
subcutaneously into athymic nude mice and evaluated growth of
the xenografted-tumors. Tumors from p65-K122R mutant cells
were smaller than tumors from p65-WT or p65-K122Q expressing
cells (Supplementary Fig. S6D–F). Taken together, our results
clearly demonstrate that p65 is involved in FBXW2 inhibiting
tumor growth in vitro and in vivo in breast cancer.

FBXW2-p65 axis is involved in regulating breast cancer cell
paclitaxel resistance
Paclitaxel was a chemotherapy drug commonly used to treat
breast cancers [38]. However, paclitaxel resistance was still the
biggest obstacle to successful clinical treatment [39–41]. With p65
reported to play an important role in paclitaxel resistance [42], we
determined whether FBXW2-p65 axis was involved in regulating
paclitaxel resistance in breast cancer cell. To this end, we
determined the expression levels of FBXW2 and p65 in MCF-7/
TaxR or MCF-7 cells. As expected, FBXW2 expression was reduced
in MCF-7/TaxR cells, whereas p65 level was high in MCF-7/TaxR
cells (Fig. 7A, B). To study the effects of FBXW2 and p65 on
paclitaxel resistance, we knocked down p65 or overexpressed
FBXW2 in MCF-7/TaxR cells. As expected, p65 knockdown or
FBXW2 overexpression decreased the MCF-7/TaxR cell prolifera-
tion rate (Fig. 7C, D). Because FBXW2 led to p65 degradation, we
focused on the effect of FBXW2 overexpression on paclitaxel
resistance. We overexpressed FBXW2 in MCF-7/TaxR cells follow-
ing paclitaxel treatment. Compared with the control cells, cells
with FBXW2 overexpression showed decreased resistance to

paclitaxel, suggesting that FBXW2 played an important role in
the paclitaxel resistance of breast cancer cells (Fig. 7E). To better
understand the role of FBXW2 in paclitaxel resistance in vivo, we
used a xenograft nude mouse model. Tumors derived from MCF-
7/TaxR overexpressing FBXW2 showed lower tumor volume and
weight than the control tumors, indicating that FBXW2 was
effective in suppressing MCF-7/TaxR tumor growth (Fig. 7F–H).
Taken together, our data demonstrate that FBXW2-p65 axis
contributes to paclitaxel resistance in breast cancer cells.

FBXW2 expression is negatively correlated with p65 in breast
cancer tissues
To evaluate the expression of FBXW2 and p65 in breast cancer
tissues, we performed IHC analyses of breast cancer tissues from
90 cases. Notably, consistent with our previous observations,
FBXW2 was lowly expressed in breast cancer tissues, whereas p65
was highly expressed (Fig. 8A). Furthermore, the protein levels of
FBXW2 and p65 negatively correlated with each other (Fig. 8B). To
determine whether the expression of FBXW2 correlates with
patient survival, we performed the Kaplan–Meier survival analysis.
Of the 1764 breast cancer samples, we found that high FBXW2
expression (n= 868) predicts better patient survival (Fig. 8C). All of
these data support the clinical potential of targeting FBXW2-p65
axis as breast cancer therapeutics.

DISCUSSION
NF-κB signaling transcription factors are composed of Nfkb1,
Nfkb2, Rela (p65), c-Rel, and Relb [43]. As a member of NF-κB
family, p65 locates mainly in the cytoplasm in a non-induced state
[44]. p65 is highly expressed in diverse cancer types and can
transcriptionally activate downstream genes to perform various
functions including regulating cell proliferation, apoptosis, and
immunity [45]. Posttranslational modifications of NF-κB

Fig. 8 FBXW2 expression is negatively correlated with p65 in breast cancer tissues. A Representative images of IHC staining of tumor
tissues from two breast cancer patients were shown (scale bar, 20 µm). B Pearson correlation analysis was performed to determine correlation
between FBXW2 and p65 expression in breast cancer tissues. C Kaplan–Meier curves of overall survival were performed on breast cancer
patients. D Schematic model of mechanism that FBXW2 functioned as a tumor suppressor to regulate breast cancer stemness and paclitaxel
resistance via ubiquitylation of p65. (All data represent mean ± SEM n ≥ 3), *p < 0.05.
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p65 subunit provide essential mechanisms to differentially
regulate NF-κB signaling activity in many cancer types [46].
Although these modifications have a critical role in affecting p65
functions, the role of p65 ubiquitination is remains elusive. Here,
we find that FBXW2 acts as an E3 ligase, ubiquitinating p65 at
K122 and promoting its degradation (Fig. 8D). Furthermore,
FBXW2 ubiquitination of p65 modulates breast cancer stemness
and paclitaxel resistance.
SOX2 plays a critical role in cancer cell stemness and

maintenance [47]. The functions of SOX2 depend mainly on its
transcriptional and post-transcriptional modifications [48, 49]. At
the transcriptional level, T-box transcription factor 6 (TBX6) binds
to a specific enhancer of the SOX2 gene, thereby reducing SOX2
expression [50]. In addition, MSX2 binds to the promoter of SOX2
and represses its expression. Moreover, some cytokines such as IL-
4, IL-6 and TGFβ, induce expression of SOX2 [51]. Furthermore,
E2f3a and E2f3b transcription factors differentially regulate SOX2
and cell fate in neural stem cells [52]. Posttranslational regulation
of SOX2 is reported to be mediated by FBXW2-MSX2 axis. FBXW2
E3 ligase ubiquitinates and destabilizes MSX2. The consequently,
low expression of MSX2 leads to high expression of SOX2 in
tamoxifen resistance breast cancer cells [10]. Other studies
investigate FBXW2 promotes SOX2 expression in tamoxifen
resistance breast cancer cells. Our studies, however, focus on
FBXW2 suppression of SOX2 expression in breast cancer cells. In
addition, SOX2 is highly expressed in breast cancer and reportedly
acts as an oncogene [53–55]. These conclusions are consistent
with our experimental results that FBXW2 inhibits SOX2 expres-
sion via degradation of p65, contributing to the stemness of
breast cancer cells.
F-box proteins are the key component of SCF ubiquitin ligase

complexes. They directly bind to substrates through specific
domains, leading to ubiquitin-mediated proteolysis of their
substrates [56]. F-box proteins play an important role in cancer
development and progression [57]. Chemotherapy is still the main
treatment strategy for many types of cancer. However, due to the
development of drug resistance in patients, preventing or
overcoming drug resistance is still the key to improve chemother-
apy effectiveness. F-box proteins have rarely been reported to be
involved in drug resistance. FBXL7 phosphorylation by AURKA
increases paclitaxel resistance, which is associated with poor
prognosis in ovarian cancer patients, thus making FBXL7 a
potential biomarker for selecting paclitaxel therapy [58]. SKP2
promotes paclitaxel resistance in lung cancer by reducing the
expression of MAD2 and enhancing the phosphorylation of p27
and pRB [59]. In addition, SKP2 is highly expressed in paclitaxel-
resistant prostate cancer cells, and knockdown of FBXL1 renders
prostate cancer cells sensitive to paclitaxel [60]. Moreover,
because inhibition of FBXW7 in cancer cells promotes resistance
to paclitaxel, overexpression of FBXW7 could potentially reverse
drug resistance [61]. Our results show that FBXW2 regulates
paclitaxel resistance via degradation of p65. Our findings expand
the understanding of F-box protein functions in drug resistance.
Thus, targeting FBXW2-p65 axis could be a promising strategy to
overcome drug resistance.
In summary, our results demonstrate that FBXW2 functions as a

tumor suppressor, affecting cancer development by altering
stemness and paclitaxel resistance through the ubiquitination of
p65. Our data further suggest that the FBXW2 plays an important
role in the ubiquitination of p65 upon its acetylation by p300.
Thus, our findings prove that FBXW2 is a tumor suppressor in
breast cancer.
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