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experiments, the significance of Fbxo22 in repress-
ing tumorigenesis in vitro and in vivo was explored. 
Fbxo22 was poorly expressed, while KDM5A was 
highly expressed in TNBC. Patients with elevated 
Fbxo22, decreased KDM5A, or higher p16 had 
long overall survival. Fbxo22 reduced the levels of 
KDM5A by ubiquitination. KDM5A promoted his-
tone H3K4me3 demethylation to downregulate p16 
expression. Fbxo22 reduced KDM5A expression to 
enhance p16, thus inducing DNA damage as well as 
reducing tumorigenesis and metastasis in TNBC. Our 
study validated FBXO22 as a tumor suppressor in 
TNBC through ubiquitination of KDM5A and regula-
tion of p16.
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Introduction

Triple-negative breast cancer (TNBC) is characterized 
by deficiency of progesterone and estrogen receptors 
as well as the loss of amplification of human epidermal 
growth factor receptor-2, the three typical biomarkers 
in BC (Denkert et al. 2017). As a heterogeneous disor-
der, TNBC presents a threat to patients with undesir-
able oncologic outcomes (Qattan 2020). Surgery and 
chemotherapy are the main treatment modalities for 
most TNBC patients,however, advanced breast cancer 
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progresses rapidly after recurrence and has poorer over-
all survival compared with other breast cancer subtypes 
(Yin et al. 2020). Therefore, uncovering the mechanisms 
of TNBC and identifying effective biomarkers are neces-
sitated for TNBC prevention and treatment.

Ubiquitination, a post-translational protein modifica-
tion, has been found to control various physiological and 
pathological processes, including oncogenesis (Vucic 
et  al. 2011). Fbxo22 has been documented to be lowly 
expressed in TNBC cells (Johmura et al. 2018). Moreo-
ver, patients who have high Fbxo22 expression exhibit a 
higher prognostic survival rate (Sun et al. 2018). Fbxo22 
also exerts inhibitory function in breast cancer cell migra-
tion and invasion by ubiquitinating SNAIL levels (Sun 
et al. 2018). More importantly, the critical role of ubiqui-
tin-dependent protein degradation in various cellular pro-
cesses has been highlighted, such as cell cycle, transcrip-
tional regulation, DNA damage repair, and apoptosis, 
and Fbxo22, as an ubiquitin ligase, can be implicated in 
modulation of the DNA damage repair process (Johmura 
et al. 2020). KDM5A (also called JARID1A or RBP2) 
shows correlation with diverse human cancers, includ-
ing tumors of the breast and lung (Blair et al. 2011; Teng 
et  al. 2013, Yang et  al. 2019, 2021a, b]. Importantly, 
KDM5A are demonstrated to demethylase-dependently 
reduce tumor suppressor genes such as p27, p21, and 
p16 (Zeng et al. 2010). p16 is a cyclin-dependent kinases 
(CDK) inhibitor encoded by the CDKN2A gene and has 
been demonstrated to act as tumor suppressors (Zhao 
et al. 2016). Moreover, p16 is found to be linked with the 
prognosis of TNBC and may possess potential values in 
the prognostic prediction of TNBC (Zhang et al. 2014). 
From the above evidence, we tried to assay the correla-
tion among Fbxo22, KDM5A, and p16 with TNBC pro-
gression for finding a novel regulatory mechanism for 
TNBC growth and metastasis.

Materials and methods

Animal experiments

Female NOD/SCID mice (4–5  weeks old, weighing 
18–22  g, Hunan SJA Laboratory Animal Co., Ltd, 
Changsha, China) were housed for 1 week in specific 
pathogen-free environment under constant humidity 
(45–50%) and temperature (25–27 °C) with 12-h day/
night cycle daily. The mice were fasted for 12 h before 
drug administration and were allowed to eat and drink 

freely at other time. Animal experimental operations 
were ratified by the animal ethics committee of Shenz-
hen Beike Biotechnology Research Institute.

MDA-MB-231 cells (5 × 106/0.2  mL) were injected 
in  situ into the inguinal fat pad of mice (n = 8) to con-
struct a mouse model of TNBC. The mice were sacri-
ficed 6  weeks after injection, while the TNBC tissues 
were dissected and removed, and mouse normal (n = 8) 
breast tissues were taken as control. Tissues were pre-
served at − 80 °C for RNA-Seq.

In the subsequent animal experiments, mice were 
randomly treated with lentiviral empty vector, len-
tivirus overexpressing Fbxo22 (Flag-Fbxo22), and/
or KDM5A lentivirus (HA-KDM5A), with 8 mice 
in each treatment. Lentiviral-infected MDA-MB-231 
cells (5 × 106/0.2 mL) were injected in situ into ingui-
nal fat pads of mice. After 1 week, the tumor width 
and length of mice under different treatment were 
checked once a week, followed by calculation of 
tumor volume. After 7  weeks, the mice were killed 
and the tumor tissues were excised, weighed, and 
photographed with a camera.

For the lung metastasis model, cells (2 × 106/0.2  mL) 
were injected into the tail vein of the mice. Mice were killed 
6 weeks after injection and lung tissues were removed by 
autopsy and metastatic nodules were counted by microscopy. 
The presence of micrometastases in the lung tissues was 
examined by H&E staining.

RNA‑Seq

Mammary tissues from TNBC mice (n = 3) and nor-
mal mice (n= 3) were collected for RNA-Seq (Illumina 
HiSeq) at the UW Cystic Fibrosis Genomics Core Center 
(Miyazaki et al. 2019). Sequencing library was generated 
using the NEBNext® Ultra™ RNA Library Prep Kit for 
Illumina® (NEB, Beverly, MA). Quality control was then 
completed employing RNA-SeQC v1.1.8 and the HTSeq-
counts v0.7.2 was applied for counting. The R language 
limma package was utilized to identify the differentially 
expressed genes between TNBC and controls with |log-
FoldChange|> 1 andp-value < 0.05 as cutoff values.

Bioinformatics analysis

Correlation between genes and prognosis of TNBC 
patients was analyzed by ExSurv based on TCGA data-
base breast cancer samples (with p < 0.05 as screening 
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criteria). ROC curves were obtained by ROC Plotter 
based on TNBC patient prognostic data to evaluate key 
factors and their efficacy of prognosis in TNBC patients. 
Factors were considered to have good predictive perfor-
mance with AUC > 0.5 and p < 0.05. The ubiquitination 
loci of the factors were obtained via Ubibrowser. The 
H3K4me3 methylation sites of the factors were obtained 
via UCSC browser. Pearson correlation coefficients 
were measured using the R package psych.

Cell culture

The human breast epithelial cell line MCF-10A (CRL-
10317); the luminal-type breast cancer cell lines 
MCF-7 (HTB-22), T47D (HTB-133), and ZR-75–1 
(CRL-1500); and the TNBC cell lines MDA-MB-231 
(CRM-HTB-26), MDA-MB-468 (HTB-132), Hs578T 
(HTB-126), and HEK293T (CRL-3216) were all pro-
cured from ATCC (Manassas, VA). MCF-10A, MCF-7, 
T47D, ZR-75–1, Hs578T, and HEK293T cells were cul-
tured in Dulbecco’s modified Eagle’s medium appended 
to 10% FBS, 100 U/mL penicillin, and 100  μg/mL 
streptomycin in a 37 °C thermostatic incubator (BB15, 
Thermo, Madison, MA) with 5% CO2, while MDA-
MB-231 and MDA-MB-468 cells were cultured in L-15 
medium (Gibco) appended to 10% FBS in a 37 °C ther-
mostatic incubator without CO2.

Lentiviral infection

Lentiviral vectors overexpressing Fbxo22 and KDM5A 
were prepared as previously described (Sun et  al. 
2018). The lentiviral packaging vectors sh-Fbxo22 
(5′-GGA​ATT​GTA​GTG​ACT​CCA​ATG-3′) and sh-NC 
were procured from GenePharma (Shanghai, China), 
while the sh-p16 (5′-CCC​TAA​GCG​CAC​ATT​CAT​
GT-3′, TRCN0000010483) and sh-KDM5A (5′-CCA​
GAC​TTA​CAG​GGA​CAC​TTA-3′, TRCN0000014629) 
were procured from Sigma-Aldrich (St.Louis, MO). 
The lentivirus titer was 109 TU/mL.

Cell viability, clone formation, cell migration, and 
invasion assays

Breast cancer cells were seeded in 96-well plates 
(8 × 103cells per well) and cell viability was tested by 

CCK-8 (Sigma-Aldrich). For clone formation assay, 
cells were seeded into 6-well plates (2000 cells/
well) evenly. The cells were cultured for a fortnight 
under normal growth conditions; the dispersed single 
cells may divide and proliferate and eventually form 
aggregated cell clusters, each of which was a “col-
ony” (Kabakov and Gabai 2018). Cells were fixed in 
4% paraformaldehyde and stained with 0.5% crystal 
violet staining solution (0.5% w/v, Solarbio, Beijing, 
China) for 15  min, followed by counting using an 
inverted microscope. Migration and invasion (with 50 
μL of Matrigel, 354,234, BD Biosciences, San Diego, 
CA) assays were completed in differently treated 
breast cancer cells (Torres et al. 2019).

Immunofluorescence staining

Cells were seeded into fluorescent culture dishes and 
incubated overnight to allow adhesion. The irradiation 
beam was used to locally induce DNA damage within 
the cells by irradiating the cells at 30 Gy at 4 Gy/min 
with a γ-ray emitter (cobalt 60), and the medium was 
renewed immediately after irradiation. Cells were then 
fixed in 4% formaldehyde for 10  min and then per-
meabilized with PBS containing 0.2% Triton X-100 
for 3  min. Cells were blocked with 10% goat serum 
for 40 min and incubated with the primary antibodies 
of rabbit anti-γH2AX (1:50, AP0687, ABclonal, Bos-
ton, MA) overnight at 4 °C. Subsequently, cells were 
then incubated with fluorescent secondary antibodies 
of Cy3 Goat Anti-Rabbit IgG (H + L) (1:50, AS007, 
ABclonal) at ambient temperature for 2 h. The nuclei 
were stained with 4′,6-diamidino-2-phenylindole 
(10,236,276,001, Roche, Shanghai, China) and the 
slides were observed under a fluorescent microscope 
(XSP-BM22AY, Shanghai Optical Instrument Factory, 
Shanghai, China) for observation.

Flow cytometry

For cell cycle analysis, cells were digested with trypsin, 
washed with pre-cooled PBS, resuspended in pre-chilled 
ethanol, and incubated overnight at − 20 °C. The follow-
ing day, cells were stained with PI (Invitrogen, Eugene, 
OR) followed by cell cycle assessment employing a flow 
cytometer (FACS Calibur, BD Biosciences).

Cell apoptosis was detected using a membrane-
linked protein V-FITC/PI double staining kit 
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(70-AP101-100, MultiSciences, Hangzhou, China) 
employing a flow cytometry.

Co‑IP

To immunoprecipitate the exogenous proteins, the 
indicated plasmids (Flag-Fbxo22 and HA-KDM5A) 
were transfected into HEK293T cells. Cell lysis 
was carried out in IP lysis buffer (P0013, Beyotime, 
Shanghai, China) containing protease and phos-
phatase inhibitors. Cell lysis buffer was obtained by 
centrifugation at 12,000 g for 20 min at 4 °C. The cell 
lysis buffer containing 200 μg protein was then incu-
bated with anti-flag antibody (1:50, F3165, Sigma-
Aldrich) or anti-HA antibody (1:50, #3724, Cell 
Signaling, Hercules, CA) for 4 h at 4 °C.

To immunoprecipitate endogenous proteins, the same 
method as above-described was performed. Antibod-
ies of lysates, KDM5A (1:100, ab70892, Abcam, UK), 
and IgG (1:50, #3900, Cell Signaling), at a concentration 
of 1 μg/mg, were added to the cell lysate and incubated 
overnight at 4 °C. The antibody-protein complexes were 
then captured with protein A/G Sepharose microbeads 
(Santa Cruz, CA). The complexes were then subjected 
to immunoblotting with mouse anti-Fbxo22 (1:1000, 
sc-100736, Santa Cruz) and mouse anti-KDM5A 
(1:1000, ab78322, Abcam).

Ubiquitination assay

The indicated plasmids (Flag-Fbxo22, HA-
KDM5A, and V5-Ubiquitin) were transfected 
into HEK293T cells. Prior to collection, cells 
were treated as previously described (Zhang et al. 
2019). The obtained lysates were assayed and 
immunoprecipitated with protein A/G agarose 
(Sigma) pre-conjugated with the indicated anti-
body anti-HA (1:50, #3724, Cell Signaling). In 
addition, to prevent detection of ubiquitination of 
the E3 ligase itself and proteins associated with 
KDM5A, ubiquitination assays were also per-
formed under denaturing conditions. Transfected 
cells were lysed in lysis buffer and incubated with 
SDS-PAGE sample buffer at 100 °C for 8 min, fol-
lowed by incubation with HA antibody for IP and 
Immunoblotting. Antibodies used for immunoblot-
ting were anti-flag (1:50, F3165, Sigma), anti-HA 
(1:50, #3724, Cell Signaling), and anti-V5 (1:50, 
13,202, Cell Signaling).

Additionally, the ubiquitination level of KDM5A 
in TNBC cell lines was also examined. The obtained 
lysates were immunoprecipitated with protein A/G 
agarose (Sigma) pre-conjugated with the antibody 
of anti-KDM5A (1:100, ab70892, Abcam) or anti-
IgG (1:50, #3900, Cell Signaling). The expression of 
the relevant proteins was then detected by immuno-
blotting using the antibodies of mouse anti-KDM5A 
(1:1000, ab78322, Abcam) and anti-ubiquitin 
(1:1000, 04–263, Millipore).

Protein half‑life detection

TNBC cells were treated with cycloheximide (CHX, 
Sigma; 10 μM) for different times (0, 0.5, 1, and 2 h) 
to block protein synthesis. Each group of proteins was 
then extracted and protein levels of KDM5A were 
assessed using immunoblotting.

ChIP

ChIP was implemented employing the diluted soni-
cated lysates. Incubation of cells with the antibodies of 
KDM5A (1:100, ab70892, Abcam, UK), H3K4me3 
(A2357, 1:50, ABclonal), and IgG (#3900, 1:50, Cell 
Signaling) overnight at 4 °C was carried out, with IgG 
antibody as a NC. The recovered and purified DNA frag-
ments were used as amplification templates. Immunopre-
cipitated p16 was tested by RT-qPCR using iQ SYBR 
Green Supermix (BioRad, Hercules, CA), in which p16 
gene promoter primer sequences were designed and pro-
vided by Sangon Biotech (Shanghai, China).

RT‑qPCR

Trizol-extracted total RNA reagent (15,596,026, Inv-
itrogen) was reversely transcribed to cDNA employ-
ing a PrimeScript RT reagent Kit (RR047A, Takara, 
Japan). Fast SYBR Green PCR kit (Applied Biosys-
tems, Waltham, MA) and ABI PRISM 7500 RT-PCR 
system (Applied Biosystems) were utilized for RT-
qPCR. The relative gene expression was assayed uti-
lizing the 2−ΔΔCt method and normalized to GAPDH. 
The primer design is summarized in Table S1.

Immunoblotting

The protein extracts from breast cancer tissues 
and cells were electro-separated and transferred 
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to PVDF membrane which was then incubated 
with primary antibodies of mouse anti-KDM5A 
(1:1000, ab78322, Abcam, UK), rabbit anti-p16 
(1:1000, A0262, ABclonal), mouse anti-Fbxo22 
(1:1000, sc-100736, Santa Cruz), rabbit anti-E-
cadherin (1:1000, #3195, Cell Signaling), rabbit 
anti-N cadherin (1:1000, #13,116, Cell Signal-
ing), rabbit anti-Vimentin (1:1000, #5741, Cell 
Signaling), rabbit anti-H3K4me3 (A2357, 1:1000, 
ABclonal), and rabbit anti-GAPDH (1:1000, 
#2118, Cell Signaling, internal reference) over-
night at 4  °C. HRP-labeled goat anti-mouse 
(1:10,000, BA1050, Boster, Wuhan, China) or 
goat anti-rabbit IgG (1:10,000, BA1054, Boster) 

secondary antibodies were incubated with the 
membrane for 1  h at ambient temperature. The 
films were exposed in an Amersham Imager 600 
(UK). Gray-scale analysis was then performed 
using ImageJ.

H&E staining

Paraffin-embedded Sects.  (5  μm thickness) were 
first conventionally dewaxed and hydrated by gra-
dient alcohol, and then stained with hematoxylin 
solution (Solarbio) for 2  min, followed by eosin 
solution staining for 1  min. Observation of histo-
morphological changes were completed under a 

Fig. 1   Bioinformatics analysis of Fbxo22 expression in TNBC 
tissues and their relationship with patient prognosis. A Results 
of differential analysis of RNA-seq sequencing data (volcano 
plot). The X-axis indicates -log10 (p-value) while the Y-axis 
indicates log2FC; red dots indicate highly expressed genes 
while green dots indicate low expressed genes. B Heat map 
plotted for the top 20 significantly differential genes with 
the smallest p-value. Color scale blue to red indicates gene 
expression values from small to large. C Differential expres-
sion of Fbxo22 in mouse TNBC tissues (n = 6) and normal 
breast tissues (n = 6). D Survival curve of Fbxo22 in breast 

cancer patients (high: 520, low: 521; hazard ratio = 1.557, 
p-value = 0.024). E ROC curve of Fbxo22 regarding prognosis 
of TNBC patients (n = 126). F Immunoblotting of Fbxo22 pro-
tein level in human normal breast epithelial cells, luminal type, 
and TNBC cells. * indicates p < 0.05 compared with MCF-10A 
cell. # indicates p < 0.05 compared with MCF-7 cell. Measure-
ment data were expressed as mean ± standard deviation and 
one-way analysis of variance (ANOVA) used for comparisons 
among multiple groups. Cell experiments were repeated three 
times
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light microscope (XP-330, ShBingyu, Shanghai, 
China).

Immunohistochemical staining

The protein level of KDM5A, p16, and Fbxo22 was 
detected using streptavidin peroxidase labeled by 
immunohistochemical peroxidase. Paraffin-embed-
ded specimens of breast cancer tissues were seri-
ally sectioned (5 μm thickness) and immune-stained 
with primary antibodies of rabbit anti-KDM5A 
(1:1000, ab78322, Abcam, UK), rabbit anti-p16 
(1:100, A0262, ABclonal), and rabbit anti-Fbxo22 
(13,606–1-AP, Protein-tech, Wuhan, China) overnight 
at 4  °C. The samples were incubated at 37  °C for 
20 min with biotin-labeled goat anti-rabbit secondary 
antibody (BA1003, Boster), followed by incubation 
of 50 μL of streptomyces anti-biotin–peroxidase solu-
tion for 10 min at ambient temperature. Color devel-
opment was completed with 3,3′-diaminobenzidine 
and microscopic observation for the specimens was 
performed with IgG used as a NC. Protein-positive 
cells were identified by the brownish-yellow color of 

normal positive cells, and positive staining was statis-
tically analyzed using ImageJ.

Statistical analysis

All data were processed using SPSS 22.0 statistical 
software (IBM, USA) and graphPad Prism 8.0. Meas-
urement data were described as mean ± standard devi-
ation and unpaired t-tests were used for comparisons 
between two groups, while ANOVA for comparisons 
among multiple groups. The tumor volume at dif-
ferent time points was assayed by repeated measure 
ANOVA. p < 0.05 indicated as statistically significant.

Results

Low expression of Fbxo22 in TNBC tissues and cells

By performing differential analysis of RNAseq in 
TNBC models and controls, we obtained 217 dif-
ferentially expressed genes (Fig.  1A). The 20 signifi-
cantly differential genes with the smallest p-value were 
selected to plot the heat map (Fig. 1B). Our RNAseq dif-
ferential analysis depicted that Fbxo22 was significantly 
poorly expressed in TNBC tissues (Fig. 1C). In addition, 
survival analysis based on ExSurv database revealed 
that breast cancer patients with high expression of 
Fbxo22 had a higher survival rate (hazard ratio = 1.557, 
p-value = 0.024) (Fig.  1D, Tables  S2, S3). ROC curve 
assessment based on ROC Plotter database also showed 
that Fbxo22 had good efficacy in predicting prognosis of 
TNBC patients (Fig. 1E).

Immunoblotting results confirmed that Fbxo22 
was highly expressed in luminal-type breast can-
cer cells MCF-7, T47D, and ZR-75–1 compared to 
MCF-10A cells. However, low expression of Fbxo22 
was observed in TNBC cells MDA-MB-231, MDA-
MB-468, and Hs578T compared to luminal type 
breast cancer cells (Fig. 1F).

Fbxo22 promotes KDM5A protein degradation 
through ubiquitination

By analysis of the Ubibrowser website, we further 
found that KDM5A had E3 ubiquitination modifica-
tion sites (Fig. 2A). Therefore, we speculated that in 
breast cancer, Fbxo22 may degrade KDM5A protein 

Fig. 2   Fbxo22 regulates KDM5A levels through ubiquit-
ination in TNBC cells. A E3 ubiquitination modification site 
of KDM5A. B Immunoblotting of KDM5A protein level in 
human normal breast epithelial cells, Luminal type, and TNBC 
cells. * indicates p < 0.05 compared with MCF-10A cell. # 
indicates p < 0.05 compared with MCF-7 cell. C Immuno-
blotting of protein levels of Fbxo22 and KDM5A in MDA-
MB-231 and Hs578T cells after overexpression of Fbxo22. 
* indicates p < 0.05 compared with the pCDH group. D RT-
qPCR detection of changes in mRNA expression of Fbxo22 
and KDM5A in MDA-MB-231 and Hs578T cells after over-
expression of Fbxo22. * indicates p < 0.05 compared with the 
pCDH group. E Co-IP assay to detect exogenous protein level 
of Fbxo22 and KDM5A. F Co-IP assay to detect the interac-
tion between Fbxo22 and KDM5A at the endogenous protein 
level. G Immunoblotting of the protein levels of Fbxo22 and 
KDM5A in each group of MDA-MB-231 and Hs578T cells. H 
Co-IP assay to detect the ubiquitination of Fbxo22 on KDM5A 
at the endogenous protein level with MG-132 as a proteasome 
inhibitor, 5 μM for 6 h. I Co-IP assay to detect the ubiquitina-
tion of Fbxo22 on KDM5A at the endogenous protein level. 
J Immunoblotting of the effect of silencing Fbxo22 on CHX-
induced KDM5A protein degradation; 10  μM, acting for 0, 
0.5, 1, and 2 h, respectively. *p < 0.05. Measurement data were 
expressed as mean ± standard deviation and unpaired t-tests 
were used for comparisons between two groups, while one-way 
analysis of variance (ANOVA) or repeated measure ANOVA 
was used for comparisons among multiple groups. Cell experi-
ments were repeated three times

◂
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by ubiquitination. Immunoblotting results confirmed 
that KDM5A was lowly expressed in luminal-type 
breast cancer cells MCF-7, T47D, and ZR-75–1 
compared to MCF-10A cells. However, high expres-
sion of KDM5A was observed in TNBC cells MDA-
MB-231, MDA-MB-468, and Hs578T compared to 
luminal type breast cancer cells (Fig. 2B).

To test the interaction between Fbxo22 and KDM5A, 
we overexpressed Fbxo22 in TNBC cells. The protein 
level of Fbxo22 was elevated in MDA-MB-231 and 
Hs578T cells treated with Flag-Fbxo22, while the protein 
level of KDM5A was diminished (Fig.  2C). Moreover, 
in MDA-MB-231 and Hs578T cells treated with Flag-
Fbxo22, the mRNA expression of Fbxo22 was increased 
while the mRNA expression of KDM5A showed no alter-
ation (Fig. 2D). The result indicates that Fbxo22 regulates 
KDM5A expression at the post-transcriptional level.

We then performed Co-IP experiments, which 
showed that Flag-Fbxo22 interacted with HA-KDM5A 
when co-expressed. Furthermore, by IP with anti-Fbxo22 

or anti-KDM5A antibodies, interaction between Fbxo22 
and KDM5A at the endogenous protein level was veri-
fied in MDA-MB-231 and Hs578T cells (Fig. 2E, F).

Whether Fbxo22 degrades KDM5A through ubiq-
uitination was further investigated. Overexpression 
of Fbxo22 diminished the protein level of KDM5A, 
whereas treatment with MG-132 stabilized the 
KDM5A protein levels (Fig. 2G). Additionally, over-
expression of Fbxo22 increased ubiquitination levels 
of KDM5A protein in cells under natural and dena-
tured conditions, and overexpression of Fbxo22 in 
MDA-MB-231 and Hs578T cells enhanced the ubiq-
uitination level of endogenous KDM5A (Fig. 2H, I).

In addition, the protein level of KDM5A continu-
ously decreased with the prolonged action of CHX, 
while silencing Fbxo22 could inhibit the degrada-
tion of KDM5A protein and increase the protein 
half-life of KDM5A (Fig. 2J). Conclusively, Fbxo22 
can reduce KDM5A levels in TNBC cells through 
ubiquitination.

Fig. 3   Fbxo22 represses the migration and invasion of TNBC 
cells by regulation of KDM5A. A Immunoblotting of protein 
levels of Fbxo22 and KDM5A in MDA-MB-231 and Hs578T 
cells after Flag-Fbxo22 or HA-KDM5A treatment. B Tran-
swell assay to detect the migration ability of MDA-MB-231 
and Hs578T cells after Flag-Fbxo22 or HA-KDM5A treat-
ment. C Transwell assay of MDA-MB-231 and Hs578T cell 
invasion ability. D Immunoblotting of EMT-related protein 
levels in MDA-MB-231 and Hs578T cells after Flag-Fbxo22 

or HA-KDM5A treatment. E CCK-8 was applied to detect 
cell viability. F Clone formation assay was used to detect cell 
clones. * indicates p < 0.05 compared with pCDH group; # 
indicates p < 0.05 compared with Flag-Fbxo22 group. Meas-
urement data were expressed as mean ± standard deviation and 
one-way analysis of variance (ANOVA) was used for compari-
sons among multiple groups. Cell experiments were repeated 
three times
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Fbxo22 inhibits malignant functions of TNBC cells 
through inhibition of KDM5A

To further assay the mechanism by which Fbxo22 
affects TNBC cell biological processes through the 
regulation of KDM5A, we overexpressed Fbxo22 and 
KDM5A in TNBC cells. The protein level of Fbxo22 
was elevated following Flag-Fbxo22 treatment and 
that of KDM5A was diminished. In the cells treated 
with both Flag-Fbxo22 and HA-KDM5A, Fbxo22 

protein level showed no alteration and KDM5A pro-
tein level was elevated (Fig. 3A).

The cell migration and invasion ability 
were curtailed after Flag-Fbxo22 treatment but 
enhanced after the co-treatment of Flag-Fbxo22 
and HA-KDM5A (Fig.  3B, C). We also exam-
ined key proteins in the epithelial-mesenchymal 
transition (EMT) process, and E-cadherin protein 
level elevated while N-cadherin and Vimentin 
protein levels were diminished after Flag-Fbxo22 

Fig. 4   KDM5A regulation of histone H3K4me3 demethyla-
tion affects p16 gene expression in TNBC cells. A Survival 
curve of p16 in breast cancer patients (hazard ratio = 1.703, 
p-value = 0.008). B ROC curve of p16 on prognosis of TNBC 
patients. C, RT-qPCR of mRNA expression of p16 in human 
normal breast epithelial cells and TNBC cells. * indicates 
p < 0.05 compared with MCF-10A group. D Immunoblot-
ting of p16 protein level in human normal breast epithelial 
cells and TNBC cells, * indicates p < 0.05 compared with 
MCF-10A group. E H3K4me3 methylation site map on p16 
promoter obtained from UCSC browser website. F–G ChIP 
assay to detect the enrichment of KDM5A and H3K4me3 in 
the promoter region of p16 gene in MDA-MB-231 and Hs578T 
cells after sh-KDM5A or HA-KDM5A treatment, * indicates 
p < 0.05 compared with the sh-NC group; # indicates p < 0.05 
compared to the pCDH group. H Immunoblotting of pro-

tein level of KDM5A and H3K4me3 in MDA-MB-231 and 
Hs578T cells after sh-KDM5A or HA-KDM5A treatment. * 
indicates p < 0.05 compared to the sh-NC group, # indicates 
p < 0.05 compared to the pCDH group. I RT-qPCR for mRNA 
expression of p16 in MDA-MB-231 and Hs578T cells after 
sh-KDM5A or HA-KDM5A treatment. * indicates p < 0.05 
compared with sh-NC group, # indicates p < 0.05 compared 
with pCDH group. J Immunoblotting for protein level of p16 
in MDA-MB-231 and Hs578T cells after sh-KDM5A or HA-
KDM5A treatment, * indicates p < 0.05 compared with the 
sh-NC group, and # indicates p < 0.05 compared with pCDH 
group. Measurement data were expressed as mean ± standard 
deviation and one-way analysis of variance (ANOVA) was 
used for comparisons among multiple groups. Cell experi-
ments were repeated 3 times
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treatment. However, after the co-treatment of 
Flag-Fbxo22 and HA-KDM5A, the opposing 
trends appeared (Fig. 3D).

It has been documented that Fbxo22 can pro-
mote the proliferation of BC cells (Sun et  al. 
2018). Deletion of Fbxo22 itself does not affect 
the growth of T47D breast cancer tumors in female 
NOD/Scid mice and only slightly reduces the pro-
liferation and clone abilities of MDA-MB 231 
cells (Johmura et al. 2018; Bai et al. 2019). There-
fore, we also tested the effect of overexpression of 
Fbxo22 on cell proliferation by CCK-8 and clone 
formation experiments and found that compared 

with the pCDH group, the Flag-Fbxo22 group had 
no significant changes in cell viability and clone 
formation (Fig.3E, F).

In conclusion, Fbxo22 can inhibit malignant 
phenotypes of TNBC cells by suppressing the 
level of KDM5A.

KDM5A promotes histone H3K4me3 demethylation 
to downregulate p16 expression in TNBC cells

We also explored the relationship between p16 and sur-
vival of breast cancer patients by survival analysis and 
the results elaborated that breast cancer patients with 

Fig. 5   Fbxo22 affects DNA damage in TNBC cells by regu-
lating p16 gene expression. A RT-qPCR detection of mRNA 
expression of p16 in MDA-MB-231 cells after Flag-Fbxo22 
or sh-p16 treatment. B Immunoblotting of protein level of p16 
in MDA-MB-231 cells after Flag-Fbxo22 or sh-p16 treatment. 
C Immunofluorescence staining detection of the enrichment 
of DNA damage marker γH2AX in the nucleus of each group 
after Flag-Fbxo22 or sh-p16 treatment (scale bar: 25 um). D 
Flow cytometry to detect the cell cycle in each group of cells 

after Flag-Fbxo22 or sh-p16 treatment. E Flow cytometry to 
detect apoptosis in each group of cells after Flag-Fbxo22 or 
sh-p16 treatment. * indicates p < 0.05 compared with pCDH 
group; # p < 0.05 compared with the Flag-Fbxo22 group. 
Measurement data were expressed as mean ± standard devia-
tion and one-way analysis of variance (ANOVA) or repeated 
measure ANOVA was used for comparisons among multiple 
groups. Cell experiments were repeated 3 times
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high expression of p16 (alias: CDKN2A) had a higher 
survival rate (hazard ratio = 1.18, p-value = 0.0012) 
(Fig. 4A). Further assessment by ROC curves revealed 
that p16 had good efficacy in predicting the prognosis 
of patients with TNBC (Fig.  4B). We found that p16 
was lowly expressed in MDA-MB-231 and Hs578T 
cells (Fig. 4C, D). These results unfold that p16 is lowly 
expressed in TNBC cells and shares correlation with 
prognostic survival of breast cancer patients.

Based on this, we further explored the mechanism 
of p16 involvement in the development of TNBC. The 
site prediction revealed a H3K4me3 site on the p16 
promoter (Fig.  4E). Therefore, we hypothesized that 
KDM5A may downregulate p16 expression by pro-
moting H3K4me3 demethylation of the p16 histone. 
Further ChIP depicted that in TNBC cells expressed 
silenced KDM5A, the enrichment of KDM5A in the 
p16 promoter region was greatly reduced, while the 
enrichment of H3K4me3 was elevated. While in the 
cells treated with HA-KDM5A, the enrichment of 
KDM5A in p16 promoter region increased, yet the 
enrichment of H3K4me3 was reduced (Fig.  4F, G). 

In addition, the treatment of sh-KDM5A decreased 
KDM5A protein level but increased H3K4me3 pro-
tein level in TNBC cells, while the treatment of HA-
KDM5A brought about contrary findings (Fig.  4H). 
Silencing of KDM5A increased both mRNA and pro-
tein level of p16 in TNBC cells, while overexpression 
of KDM5A led to opposite trends (Fig. 4I, J).

The above results suggest that KDM5A promotes 
histone H3K4me3 demethylation, thereby downregu-
lating p16 gene expression in TNBC cells.

Fbxo22 induces DNA damage by promoting p16 
expression in TNBC cells

We further investigated whether Fbxo22 affects DNA 
damage in TNBC cells by regulating the expression of 
p16. The mRNA and protein level of p16 were increased 
in the cells treated with Flag-Fbxo22 but decreased after 
addition of sh-p16 (Fig. 5A, B). We then induced DNA 
damage by irradiation, and the immunofluorescence 
staining results depicted that overexpression of Fbxo22 
enhanced the fluorescent signal of γH2AX in the nucleus 

Fig. 6   Effect of Fbxo22 regulation of KDM5A/p16 expression 
on tumourigenesis and metastasis of TNBC in vivo. A Immu-
nohistochemical staining for protein level of Fbxo22, KDM5A, 
and p16 in breast cancer tissues of each group after Flag-
Fbxo22 or HA-KDM5A treatment. B RT-qPCR for mRNA 
expression of p16 in breast cancer tissues of each group after 
Flag-Fbxo22 or HA-KDM5A treatment. C Anatomy of breast 
cancer tumors at week 7 in each group of mice after Flag-
Fbxo22 or HA-KDM5A treatment. D Folding line of tumor 
volume growth from week 0 to week 7 in each group of mice 
after Flag-Fbxo22 or HA-KDM5A treatment. E Tumor weight 
statistics at week 7 in each group of mice after Flag-Fbxo22 

or HA-KDM5A treatment. F Lung nodule count at week 6 
of injection in each group of mice after Flag-Fbxo22 or HA-
KDM5A treatment. G H&E staining to detect lung metas-
tasis of breast cancer cells in each group of mice after Flag-
Fbxo22 or HA-KDM5A treatment (n = 6) (scale bar: 50 um). 
* indicates p < 0.05 compared with pCDH group; ** indicates 
p < 0.01 compared with pCDH group; # indicates p < 0.05 
compared with Flag-Fbxo22 group. Measurement data were 
expressed as mean ± standard deviation and one-way analysis 
of variance (ANOVA) or repeated measure ANOVA was used 
for comparisons among multiple groups
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and promoted DNA damage, while further silencing 
of p16 reduced the fluorescent signal of γH2AX in the 
nucleus and inhibited cellular DNA damage (Fig. 5C).

We further examined the cell cycle and apoptosis. 
There was a significant increase in G2/M phase cells 
after treatment of Flag-Fbxo22, while opposite trend was 
observed after addition of sh-p16 (Fig.  5D). Apoptosis 
was also enhanced in the cells treated with Flag-Fbxo22, 
while it was significantly decreased after the addition of 
sh-p16 (Fig. 5E). The above results suggest that Fbxo22 
can promote DNA damage and apoptosis in TNBC cells 
by promoting p16 expression.

Fbxo22 regulates KDM5A/p16 to inhibit metastasis 
in TNBC in vivo

Finally, we investigated the effect of Fbxo22-regulated 
KDM5A/p16 expression on tumorigenesis and metas-
tasis of TNBC in vivo by constructing a TNBC mouse 
model. As indicated by immunoblotting, the protein 
levels of Fbxo22 and p16 were elevated and that of 
KDM5A was decreased in TNBC tissues after treatment 
of Flag-Fbxo22. However, the expression of Fbxo22 in 
TNBC tissues was not significantly changed, while the 
protein level of KDM5A was increased and the protein 
level of p16 was diminished following both Flag-Fbxo22 
and HA-KDM5A treatment (Fig.  6A). We obtained 

the same result trends in RT-qPCR as immunoblotting 
(Fig.  6B). Tumor volume and weight measurements 
showed that no significant alterations were seen in tumor 
volume and weight as compared with the Flag-Fbxo22 
group with the pCDH group, and compared with 
the Flag-Fbxo22 group with the Flag-Fbxo22 + HA-
KDM5A group (Fig. 6C–E).

We then constructed a metastatic tumor model 
and examined lung nodules after different treatments. 
There were fewer nodules in lung tissue after treatment 
of Flag-Fbxo22, while further addition of HA-KDM5A 
induced more nodules in lung tissues (Fig. 6F). After 
overexpression of Fbxo22, breast cancer metasta-
ses were reduced in the lung tissue, yet breast cancer 
metastases were more obvious after co-treatment of 
Flag-Fbxo22 and HA-KDM5A (Fig.  6G). The above 
results suggest that Fbxo22 can inhibit tumorigenesis 
and metastasis of TNBC in vivo by inhibiting KDM5A 
and promoting the expression of p16.

Discussion

Ubiquitin E3 ligases are capable of serving as oncopro-
teins or tumor suppressors in breast cancer (Xiao et al. 
2016). Here, we probed into an F-box E3 ligase, Fbxo22 
in TNBC. We highlighted the regulation of KDM5A by 

Fig. 7   Schematic map of the regulatory role of Fbxo22 in 
TNBC with the involvement of KDM5A. Fbxo22 decreases 
KDM5A-mediated histone H3K4me3 demethylation through 

ubiquitination modification to increase p16 expression and 
DNA damage, thus suppressing metastasis of TNBC
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Fbxo22 through ubiquitin modification as well as the 
regulation of p16 by KDM5A via histone H3K4me3 
demethylation in TNBC. Through cell and animal 
experiments, we made a conclusion that Fbxo22 could 
induce DNA damage through inhibiting the level of 
KDM5A and elevating p16 expression, thereby inhibit-
ing the metastasis of TNBC (Fig.7).

As our work initially depicted, Fbxo22 was poorly 
expressed in TNBC cells and clinically collected tissues 
and patients with higher Fbxo22 showed higher survival 
rate. Similarly, a prior study showed that low Fbxo22 
expression shared correlation with worse survival in 
human breast cancer, and knockdown of Fbxo22 pro-
moted breast cancer cell invasiveness (Bai et  al. 2019). 
Furthermore, Fbxo22 is an epigenetic multiplayer with its 
strikingly crucial role unveiled in cancer development and 
therapeutics (Johmura et al. 2020). Specifically, targeting 
Fbxo22 can be taken as a promising strategy for cancer 
therapy, since the inhibitory role of Fbxo22 has been 
proved in different malignancies, including breast cancer 
(Cheng et al. 2020). Moreover, we also found that over-
expressed Fbxo22 by Flag-Fbxo22 was able to elevate 
E-cadherin but reduce N-cadherin and Vimentin. As pre-
viously described, EMT bears great responsibility in the 
invasive metastasis of breast cancer (Drasin et al. 2011). 
Consistently, one previous study also noted the inhibitory 
role of Fbxo22 in EMT in breast cancer (Sun et al. 2018).

Beside, our differential analysis of RNAseq showed 
that KDM5A was elevated in TNBC, and the low expres-
sion of KDM5A indicated higher survival rate among 
TNBC patients, which was consistent with the study 
reporting that high mRNA level of RBP2 was correlated 
with early and high incidence of tumor metastasis in 
breast cancer (Cao et al. 2014). We further explored the 
correlation between Fbxo22 and KDM5A, and the results 
displayed that Fbxo22 could promote the degradation of 
KDM5A protein level through ubiquitination. It has been 
reported that FBXO22 modulates changes in histone H3 
marks and cognate transcriptional control pathways by 
regulation of KDM4A (Tan et  al. 2011). However, the 
interaction between Fbxo22 and KDM5A remains for 
further investigation. In addition, KDM5A could down-
regulate p16 expression by promoting H3K4me3 dem-
ethylation. We found that higher p16 revealed higher sur-
vival rate. Similarly, p16 was proved to be an independent 
prognostic factor affecting the 5-year overall survival for 
TNBC (Zhang et al. 2014). Partly in line with our results, 
the cyclopenta[c]chromen derivative 1 (an identified 
antagonist of KDM5A) is capable of inducing production 

of p16 and p27 via blockage of KDM5A-mediated 
H3K4me3 demethylation, resulting in cell cycle arrest 
and senescence in breast cancer (Yang et al. 2019). Based 
on these existing works, we demonstrated that KDM5A 
could reduce p16 expression in TNBC through H3K4me3 
demethylation. Moreover, TNBC shows the features of 
defects in DNA repair and thus sensitive to therapeutic 
concerning DNA-damaging (Telli et al. 2016). Low DNA 
repair capacity is linked with p16 mutations, being the 
risk factors for melanoma (Landi et al. 2005). However, 
how p16 affected DNA damage in TNBC is still unclear. 
At last, we explored the function of Fbxo22-KDM5A-
p16 on tumoregenisis of TNBC in vivo. Since TNBC is 
highly aggressive and commonly develops lung metas-
tasis (Wang et  al. 2020), we observed lung nodules in 
xenograft tumors in mice. The animal experiments also 
illustrated that Fbxo22 could inhibit metastasis of TNBC 
in vivo by inhibiting KDM5A and promoting the expres-
sion of p16. The tumor-suppressing characteristics of 
Fbxo22 in breast cancer have been demonstrated before 
with its high expression prevented metastasis from the 
primary tumor site to lung (Bai et al. 2019).

In summary, we unveiled that Fbxo22 could induce 
DNA damage through decreasing KDM5A expression 
and elevating p16 expression, thus blocking the metas-
tasis of TNBC. Specifically, Fbxo22 reduced KDM5A 
expression via ubiquitination, and KDM5A downregu-
lated p16 expression by promoting histone H3K4me3 
demethylation. Therefore, the identification of regula-
tion of Fbxo22 on KDM5A-mediated p16 may function 
as a new modality for TNBC treatment in the future.
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