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Abstract Breast cancer is the most common female malignancy worldwide. Ubiquitin-specific peptidase 53 (USP53)
has been shown to exert cancer-suppressing functions in several solid tumors, but its role and the underlying
mechanism in breast cancer has not been clearly elucidated. Therefore, we have carried out a series of detailed
studies on this matter at the levels of bioinformatics, clinical tissue, cell function and animal model. We found

that USP53 expression was downregulated in breast cancer specimens and was negatively correlated with the
clinical stages. Gain- and loss-of-function experiments demonstrated USP53 inhibited proliferation, clonogenesis,
cell cycle and xenograft growth, as well as induced apoptosis and mitochondrial damage of breast cancer cells.
Co-immunoprecipitation data suggested that USP53 interacted with zinc finger MYND-type containing 11
(ZMYND11), and catalyzed its deubiquitination and stabilization. The 33-50 amino acid Cys-box domain was key

for USP53 enzyme activity, but not essential for its binding with ZMYND11. The rescue experiments revealed that
the anti-tumor role of USP53 in breast cancer cells was at least partially mediated by ZMYND11. Both USP53 and
ZMYND11 were prognostic protective factors for breast cancer. USP53-ZMYND11 axis may be a good potential
biomarker or therapeutic target for breast cancer, which can provide novel insights into the diagnosis, treatment and
prognosis.

Keypoints

1. USP53 has been shown to play an anticancer role in a variety of solid malignancies, but its role in breast cancer
and its mechanism remain unclear.

2. Our results suggested that USP53 was low expressed in breast cancer and negatively correlated with TNM stage;
USP53 suppressed proliferation and triggered apoptosis of breast cancer cells; USP53 inhibited breast cancer in
vitro and in vivo by deubiquitinating ZMYND11.

3. USP53-ZMYND11 axis may be a potential breast cancer marker and therapeutic target.
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Introduction

In 2020, breast cancer became the most prevalent can-
cer globally, with approximately 2.3 million new cases,
making up 11.7% of all cancer diagnoses, surpassing
lung cancer [1]. Although the mortality of breast cancer
has dropped approximately 40% due to the high-quality
prevention, early detection and advanced treatments,
684,996 new deaths each year have been still alarming
[2]. It is beneficial for breast cancer patients to develop
novel diagnosis markers and therapeutic targets.

Ubiquitination is a way of protein post-translational
modification to regulate the stability and activity of the
target proteins by covalently attaching ubiquitin to them
[3]. Deubiquitination is the reverse reaction of the ubig-
uitination process, which mainly relies on the deubiqui-
tinase (DUB) to split the ubiquitin and inactive ubiquitin
precursors from the target proteins in order to maintain
the free ubiquitin pool and protein degradation rate [4,
5]. More than 100 DUBs have been discovered so far, of
which Ubiquitin-specific peptidases (USPs) constitute
the largest and most complex family, with a total of 58
known members involved broadly in cell cycle, apop-
tosis, signaling pathway, DNA damage repair and other
biological processes [6—8]. They are closely related to
the occurrence and development of metabolic diseases,
immune diseases, neurodegenerative diseases and malig-
nant tumors [9]. USP53, a member of this family, is
widely expressed in tissues of various human systems,
participating in physiological activities such as cell apop-
tosis, glycolysis, neurotransmission, fat metabolism, bone
formation and bone homeostasis [10—13]. Studies have
found that USP53 is underexpressed and exerts tumor-
suppressive effects in lung cancer, renal clear cell cancer,
liver cancer and esophageal cancer [14—17]. However,
whether and how USP53 affects the malignant phenotype
of breast cancer has not been clear. Bioinformatics analy-
sis showed that USP53 expression was down-regulated in
breast cancer tissues compared to normal breast tissues,
and patients with low expression of USP53 had worse
survival outcomes than those with high expression. These
evidences suggested that the downregulation of USP53
may be involved in development of breast cancer.

USP53 has been demonstrated to catalyze the deu-
biquitination of some proteins and block their degra-
dation, such as cytochrome C and FKBP51 [14, 16].
Bioinformatics analysis found that there were correla-
tions between the expression of USP53 and the activity
of transcriptional coregulators in breast cancer, especially
a significant positive correlation between the expressions
of USP53 and zinc finger MYND-type containing 11
(ZMYND11), moreover, breast cancer patients with low
expression of ZMYND11 also showed a worse prognosis
than those with high expression. ZMYND11, also known
as BS69 or BRAM], plays an important role in chromatin
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remodeling, and its coding locus in chromosomes is a
region often missing in malignant tumors [18, 19]. It is
able to restrain specifically the expression of oncogenes,
which is critical to regulate transcriptional programs nec-
essary for tumor cell growth [20]. As a transcriptional co-
suppressor of oncogenes, ZMYND11 is down-regulated
in a variety of malignant tumors and exerts broad-spec-
trum tumor-suppressive effects [19, 21-23]. A Study con-
firmed that overexpression of ZMYNDI11 significantly
inhibited the proliferation of MDA-MB-231 breast can-
cer cells in vitro and the growth of transplanted tumors
in nude mice [23]. The above evidences suggest a pos-
sible synergistic effect between USP53 and ZMYND11,
which means that ZMYNDI11 may mediate the function
of USP53 in breast cancer.

In this article, we mainly investigate: (1) whether and
how USP53 affects the malignant behaviors of breast
cancer cells; (2) whether and how USP53 regulates the
expression of ZMYND11.

Materials and Methods

Bioinformatics Analysis

RNAseq data for pan-cancer and corresponding nor-
mal tissues from TCGA and GTEx were downloaded
from UCSC XENA website (https://xenabrowser.net/
datapages/). The GSE10810 and GSE42568 datasets were
downloaded from the GEO database (https://www.ncbi.
nlm.nih.gov/geo/). The 3D structure diagram of USP53
was generated online using SWISS-MODEL (https://
swissmodel.expasy.org/). The GEPIA2 website (http://
gepia2.cancer-pku.cn/) contains RNAseq data for 9736
tumors and 8587 normal tissues as well as provides the
corresponding python package for visual analysis. The
Kaplan-Meier Plotter (http://kmplot.com/) online tool
can assess the expression of all genes and their correla-
tion with survival in more than 30,000 samples from 21
cancers.

The Limma package in R software was used to analyze
the differential expression of USP family members in
breast cancer and normal breast tissue from the TCGA
database. Differentially expressed genes in breast cancer
from GSE10810, GSE42568, TCGA and GEPIA2 were
screened respectively, with the condition as log,FC < -1
and padj<0.05, then take the intersection of the four to
obtain the down-regulated gene set.

GEPIA2 and Kaplan-Meier Plotter were used to analyze
the differences of USP53 expression in the corresponding
pan-cancer database. Stats and Car package was used to
analyze USP53 expression differences and paired expres-
sion differences between 33 cancers and normal tissues
from TCGA and GTEx databases. The results of the
above four analyses were summarized to obtain the inter-
section cancer species.
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The correlations between USP53 and all genes in
breast cancer was analyzed by Pearson method, and then
the conditions of |Cor| > 0.5 and padj<0.05 were set to
screen for USP53 correlated gene sets. The GO&KEGG
enrichment analysis of the selected gene sets was per-
formed using the ClusterProfiler package. The pairwise
similarity of the enriched items was calculated by Jaccard
similarity index, and then cluster analysis was performed
by Hclust function.

The diagnostic value of USP53 in breast cancer was
analyzed using the pROC package. The Kaplan-Meier
Plotter online tool was used to analyze the survival differ-
ences betwween patients with high and low expression of
USP53/ZMYNDI11.

The Ggplot2 and VennDiagram packages were used to
visualize the data analysis results above.

Collection of Clinical Tissue Samples

Thirty pairs of fresh breast cancer and para-carcinoma
tissues, and seventy-three paraffin breast cancer speci-
mens, from November 2022 to October 2023, were col-
lected from the Breast Disease Diagnosis and Treatment
Center of First Hospital of Qinhuangdao. The breast
cancer was diagnosed with pathological examination,
and the tissues were removed with surgery. The paired
breast cancer and para-carcinoma tissues were used for
PCR and western blot detections, and the paraffin speci-
mens were applied for immunohistochemistry staining.
The informed consent was obtained from every patient.
Experimental procedures were conducted according
to the Declaration of Helsinki, which was approved by
the Ethics Committee of Qinhuangdao First Hospital
(approval number: 2022k009).

Construction of Plasmid

To investigate the effect of USP53, its coding sequence
was cloned into pcDNA3.1 vector, and the silencing frag-
ment targeting USP53 was inserted into pRNA-HI1.1/
Neo vector. To explore the function details of USP53,
its mutant sequence with 33-50 amino acid residues
deficiency was synthesized and inserted into pcDNA3.1
plasmid. To verify the interaction between USP53 and
ZMYND11, the USP53 coding sequence was inserted into
pcDNA3.1-flag vector, and ZMYND11 coding sequence
was inserted into pcDNA3.1-HA vector. The knockdown
fragment targeting ZMYNDI11 was also inserted into
PRNA-H1.1/Neo vector to suppress its expression. The
USP53 or ZMYND11 overexpression plasmids were pur-
chased from YouBio (Changsha, Hunan, China), and the
knockdown sequences were synthesized by General Biol
(Chuzhou, Anhui, China). The silencing sequences tar-
geting USP53 or ZYMND11 were shown below:
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shNC: GTTCTCCGAACGTGTCACGTTCAAGAGAA
CGTGACACGTTCGGAGAATTTTT

shUSP53-1: GGGATATCAGTGGTGTTAAATTCAAGA
GATTTAACACCACTGATATCCTTTTT

shUSP53-2: GGGAAAGATGTTGTCTCCAATTCAAG
AGATTGGAGACAACATCTTTCCTTTTT
shZMYND11: GGGCTATAGATCTTAATAAATTCAA
GAGATTTATTAAGATCTATAGCCTTTTT

Cell Culture and Treatment

Human immortalized mammary epithelial cell lines
(MCF-12 A) and breast cancer cell lines (MCF-7, T47D,
BT474, SKBR3, MDA-MB-453, MDA-MB-231) were
purchased from iCell (Shanghai, China). MCF-12 A was
cultured with the special medium provided by the manu-
facturer. MCF-7, T47D, BT474 and SKBR3 were cultured
with MEM (SolarBio, Beijing, China). MDA-MB-453 and
MDA-MB-231 were cultured with L-15 medium (Ser-
vicebio, Wuhan, Hubei, China). 10% FBS and 1% peni-
cillin +streptomycin were added to MEM and L-15. The
cells were grown at 37 C in a humidified atmosphere of
5% CO2.

Transfection was performed using LipofectamineTM
3000 reagent (Invitrogen, Carlsbad, CA, USA) in serum-
free medium. The cells with transfection of USP53-over-
expressed or -silenced vector were treated with G418
(500 pg/ml for MCE-7 cells and 600 pg/ml for MDA-
MB-231 cells; Biosharp Life Science, Hefei, Anhui, China)
at 24 h post transfection for 1-2 weeks, and the single
cells were selected for continuous culture with G418 for
2 weeks. The surviving cells were considered as USP53-
stably-overexpressed or silenced cells.

To intercept the protein synthesis, a translational inhib-
itor cycloheximide (CHX) (20 pug/ml; Aladdin, Shanghai,
China) was applied, and a proteasome inhibitor MG132
(10 uM; Macklin Inc, Shanghai, China) was used to block
protein degradation.

Real-Time PCR

The concentration of total RNA was measured with the
NANO 2000 ultraviolet spectrophotometer (Thermo Sci-
entific, Wilmington, DE, USA) after being extracted from
tissues or cells using the TRIpure Total RNA Extract-
ing Kit (BioTeke, Beijing, China). BeyoRT-II M-MLV
reverse transcriptase (Beyotime Institute of Biotechnol-
ogy, Shanghai, China), with random primer as RT primer,
was used to reverse transcribe RNA into ¢cDNA (1 pg
RNA from cells or 5 ug RNA from clinical specimens
for one repeat). The reagent and instruments used in RT
were RNase-free. Subsequently, the real-time quantifica-
tional PCR was performed to measure the expression of
USP53, in presence of 2xTaq PCR Master Mix and SYBR
Green (SolarBio), with 1 pl cDNA as the template. PCR
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procedure was set as follows: 95 ‘C for 5 min 10 s, 60 ‘C
for 10 s, 72 C for 15 s, followed with 40 cycles of 72 'C
for 1 min 30 s, 40 C for 1 min, melting 60-94 C, every
1 C for 1 s, and finally incubation at 25 ‘C for several
min. For detection of one marker, three technical repeats
were set for one experiment, and three individual experi-
ments were performed. The data was calculated with
27ACt or 278ACt method. The primers were synthesized by
General Biol, and the sequences were shown in the fol-
lowing, USP53 forward: 5-TTATCAGCCTGGAAGTA
T-3%; USP53 reverse: 5-GCATCTCCCTGACAAAC-3’;
B-actin forward: 5- GGCACCCAGCACAATGAA -3}
B-actin reverse: 5’- TAGAAGCATTTGCGGTGG - 3!

Western Blot

Western and IP lysis buffers (Beyotime Institute of
Biotechnology, Shanghai, China) supplemented with
phenylmethanesulfonyl fluoride (1 mM) were used for
protein extraction. After concentration determination,
the protein was separated with SDS-PAGE (20 pl pro-
tein for one lane), and transferred onto polyvinylidene
fluoride membrane (Abcam, Cambridge, UK), which
was then blocked for 60 min, and incubated with the fol-
lowing primary antibodies at 4 ‘C overnight in the dark:
rabbit anti-USP53 (1:500; cat. No. A14353, Abclonal,
Shanghai, China), rabbit anti-ZMYNDI11 (1:1000; cat.
No. GTX103403, GeneTex, Inc., Irvine, CA, USA), and
mouse anti-B-actin (1:1000; cat. No. sc-47,778, Santa
Cruz Biotechnology Inc. USA). As soon as the mem-
brane was rinsed, goat anti-rabbit or anti-mouse second-
ary antibodies were incubated at 37 °C for 45 min with
HRP (1:5000; Beyotime Institute of Biotechnology), fol-
lowed by ECL reagent interaction and signal exploration.
Gel-Pro-Analyzer software was used to analyze the opti-
cal density of the bands. B-actin served as the internal
control.

Immunohistochemistry Staining
The tissues were made into routine paraffin sections,
which underwent deparaffination with xylene and etha-
nol, and antigen retrieval at boiling. Afterwards, 3% H,O,
was used to eliminate the peroxidase, and 1% BSA was
used to block the non-specific antigen. Incubation with
primary antibody against Ki-67 (1:50; cat. No. AF0198,
Affinity, Cincinnati, OH, USA) was performed at 4 ‘C
overnight, and that of secondary antibody labeled with
HRP was executed at room temperature for 60 min.
Subsequently, the sections interacted with DAB reagent,
stained with hematoxylin, soaked with 1% hydrochloric
acid/ethanol, dehydrated with ethanol and xylene, finally
mounted with gum.

The staining results were scored according to a previ-
ous report [24]: percentage of immunoreactive cells:
0 (0-5%), 1 (6-25%), 2 (26-50%), 3 (51-75%) and 4
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(76—100%); and staining intensity: 1 (negative), 1 (weak),
2 (moderate) and 3 (intense). USP53 expression was
scored by multiplying intensity and percentage. Statisti-
cally, a staining score below 6 represents low expression,
and a score above 7 represents high expression.

CCK-8 Assay

In 96-well plates, cells were treated with CCK-8 reagent
(10 pl per well) for two hours. After that, the optical den-
sity of the supernatant was determined using a micro-
plate reader at 450 nanometers.

Colony Formation Assay

The MCF-7 and MDA-MB-231 cells with stable expres-
sion of USP53 were used for colony formation assay.
The cells were seeded in culture dishes with 300 cells in
per dish, and culture for about two weeks. The medium
was refreshed every three days. After culture for two
weeks, the cell clones in dished were fixed and stained
with Giemsa stain (Jiancheng Bioengineering Institute,
Nanjing, China) for 5 min, and the clone numbers were
counted.

Flow Cytometry

The flow cytometry was performed to detect the cell
cycle and apoptosis. The cells were collected and fixed
with 70% ethanol at 4 ‘C overnight. The cells were washed
with PBS, incubated with RNase A at 37 °C for 30 min,
and stained with propidium iodide (PI) in the dark for
30 min. Then the cell cycle phase was determined by flow
cytometer (Agilent, Santa Clara, CA, USA). The prolifer-
ative index was calculated based on the cell percentage in
each phase: (G2+S)/G1.

For apoptosis detection, the cells were treated with
Annexin V-FITC at room temperature for 10 min in the
dark, and then stained with PI for 5 min. Immediately,
the determination was performed with flow cytometer.

Measurement of Activity of Caspase-3/9

The activity of caspase-3 and caspase-9 was assessed with
Caspase 3 Activity Assay Kit or Caspase 9 Activity Assay
Kit (Beyotime Institute of Biotechnology) according to
the manufacturer’s protocols. Briefly, the cells were col-
lected and lysed on the ice, and the protein concentration
was determined with Bradford Protein Assay Kit (Beyo-
time Institute of Biotechnology). Afterwards, the sample
was incubated with acetyl-Asp-Clu-Val-Asp p-nitroani-
lide (Ac-DEVD-pNA) substrate at 37 ‘C for 1 h to pro-
duce the yellow pNA, and the absorbance at 405 nm was
measured with a microplate reader. The standard curve
was drawn using standard pNA with grading concen-
trations, and activity of caspase-3 or caspase 9 was cal-
culated based on the pNA concentration. One unit was
the amount of enzyme that will cleave 1.0 nmol of the
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colorimetric substrate Ac-DEVD-pNA per hour at 37 C
under saturated substrate concentrations.

Reactive Oxygen Species (ROS) Determination

The ROS content in cells were determined with a ROS
Assay Kit (Biosharp Life Science, Hefei, Anhui, China)
according to the manufacturer’s instruction. The col-
lected cells were firstly incubated with dichlorodihydro-
fluorescein-diacetate (H2DCFDA) reagent (10 pM) at
37 C for 30 min in the dark. Then the cells were washed
twice, and the fluorescence intensity in cells was detected
using flow cytometer.

Mitochondrial Membrane Potential (VMMP) Evaluation

The MMP of cells was evaluated using a Mitochondrial
Membrane Potential Detection Kit (JC-1) (Biosharp Life
Science). The cells cultured on the glass sides were incu-
bated with JC-1 reagent at 37 ‘C for 20 min, and washed
by buffer twice. The images were acquired with a fluores-
cence microscope at 200x magnification. The MMP ratio
was calculated by JC-1 aggregates (red)/JC-1 monomers
(green).

Immunofluorescence Staining

Immunofluorescence staining was applied for detec-
tion of USP53 and ZMYNDI11 location in cells. The cells
were pre-seeded on glass sides, and fixed with 4% para-
formaldehyde (Sinopharm Chemical Reagent Beijing Co.,
Ltd, Beijing, China) for 15 min, permeated with 0.1% tri-
ton-100 (Beyotime Institute of Biotechnology) for 30 min,
and blocked with 1% bovine serum albumn (BSA) (San-
gon, Shanghai, China) for 15 min. Subsequently, the cells
were incubated with antibody against with USP53 (1:100;
cat. No. H00054532-B01P) or ZMYND11 (1:100; cat. No.
H00054532-B01P, Abnova, Taipei City, Taiwan) at 4 C
overnight, and incubated with secondary antibody conju-
gated with Alexa Fluor® 488 or 555 fluorescent dye (1:200;
CST, Boston, MA, USA) for 60 min. Finally, the nuclei
were stained with DAPI (Aladdin, Shanghai, China), and
sides were mounted with anti-fading reagent (SolarBio).
The images were acquired at 400x magnification.

Co-Immunoprecipitation (Co-IP)

Co-IP was applied with a Co-IP Assay Kit (Pierce, Rock-
ford, IL, USA) to verify the interaction between USP53
and ZMYND11, or ZMYND11 and ubiquitin. The anti-
body was pre-conjugated onto AminoLink resin, and
incubated with cells lysate at room temperature for 2 h.
After washing, the antigen-antibody complex was eluted
and collected for SDS-PAGE according to the previous
description. The antibody against HA (cat. No. AE00S,
Abclonal) or myc tag (cat. No. AE070, Abclonal) was
used at 1:500 dilution.
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Xenograft Model

Healthy female BALB/C nude mice with six-week-old
was kept in a controlled environment (12 h light/12 h
dark cycles, 21-23 C, humidity of 45-55%) with free
access to food and water. The MCF-7 cells with USP53-
stable-expression or -knockdown were subcutaneously
inoculated in mice with 107 cells per mouse (#=6 in each
group). The tumor size was measured every three days
using a vernier caliper. At 21 days post inoculation, the
mice suffered euthanasia of 60% CO, inhalation, and the
tumors were isolated for subsequent detections.

The feeding and experiments of animals were carried
out according to Guide for the Caree and Use of Labo-
ratory Animals (8th, NIH), and approved by the Eth-
ics Committee of Qinhuangdao First Hospital (approval
number: 2022k009).

TUNEL

The tumor tissue was made into conventional paraffin
sections. After deparaffination with xylene and ethanol,
the sections were permeated with 0.1% triton X-100,
and incubated with TUNEL reagent (Roche, Nutley, NJ,
USA) at 37 °C for 60 min in a humid and dark box. Then
the sections were stained with DAPI, and mounted with
anti-fading reagent. The images were acquired at 400x
magnification.

Statistical Analysis

The data in this study were shown as meantstandard
deviation (SD), and analyzed utilizing R or GraphPad
Prism software. The data from two independent groups
were compared with unpaired t test or Wilcoxon rank
sum test (non-normal or heterogeneity of variance). The
data from two paired groups were compared with paired
t test or Wilcoxon sign rank test (non-normal). The data
in multiple groups were analyzed with ANOVA or Krus-
kal-Wallis (non-normal or heterogeneity of variance), fol-
lowed with Bonferroni’s multiple comparisons test. The
data from immunohistochemistry staining of breast can-
cer specimens were analyzed with Chi-square or Fisher’s
exact tests. A p value less than 0.05 was considered as
statistically significant.

Results

USP53 was Low Expressed in Breast Cancer Tissues

The differential expression of the USP family in breast
cancer compared to normal breast tissue was shown
in Fig. 1A, where USP53 expression was down-regu-
lated (log2FC= -1.168, p<0.001). A total of 562 down-
regulated genes in breast cancer were screened from
the intersection of GSE10810, GSE42568, TCGA and
GEPIA2 (Fig. 1B), including only one member of the USP
family, USP53 (Supplemental Fig. 1A).
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Fig. 1 The expression of USP53 was down-regulated in breast cancer tissues. A Expression of USP family members in breast cancer from the TCGA
database. B Intersection of down-regulated genes in breast cancer from GSE10810, GSE42568, TCGA and GEPIA2. C USP53 expression in pan-cancer
samples from Kaplan-Meier Plotter, GEPIA2, TCGA and GTEx databases. D USP53 mRNA levels in 30 pairs of breast cancer and para-carcinoma tissues were
detected by real-time PCR. E, F USP53 protein levels in breast cancer and para-carcinoma tissues were assessed by Western blot. G, H USP53 expressions
in breast cancer and para-carcinoma tissues were determined by immunohistochemical staining. *p <0.05; **p < 0.01; ***p <0.001

The differences in USP53 expression between pan-can-
cer and normal tissues in Kaplan-Meier Plotter, GEPIA2,
TCGA and GTEx databases were shown in Supplemental
Fig. 1B-E. The intersection of statistically significant can-
cer species in the four analyses contained BRCA, THCA,
UCEC, LUSC, LUAD and KIRC, all of which showed
down-regulated expression of USP53 compared with

normal tissues (Fig. 1C). The full names and abbrevia-
tions of the 33 cancers were shown in Tab. S1.

We collected thirty pairs of breast cancer and para-car-
cinoma tissues, and the real-time PCR result displayed
that USP53 was downregulated in breast cancer samples,
compared with paired para-carcinoma tissues (Fig. 1D).
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Similar results was shown in western blot (Fig. 1E and F)
and immunohistochemistry (Fig. 1G and H).

Clinical Correlation of USP53 with Breast Cancer
Additionally, we also collected other 73 breast cancer
cases. The analysis from immunohistochemistry staining
exhibited that the low expression of USP53 was associ-
ated with TNM stage of breast cancers, and more cases
with III stage possessed lower USP53 level than those
with I/IT stages (Table 1; Fig. 2A and B). These results
suggested that the decreased USP53 may be involved
in development of breast cancer. ROC analysis showed
that USP53 had good diagnostic accuracy for breast can-
cer with an area under curve (AUC) of 0.877 (Fig. 2C).
Kaplan-Meier Plotter survival analysis suggested that
breast cancer patients with low expression of USP53
had significantly worse overall survival (OS, Fig. 2D) and
relapse free survival (RES, Fig. 2E) than those with high
expression.

Table 1 The correlation between USP53 and clinicopathologic
features in breast cancer patients

Variables Numbers of patients p
USP53 USP53 low expression
high
expression
Age
>50 16 35 0.13036
<50 11 11
Tumor size
>2cm 18 36 0.27575
<2cm 9 10
Grade
G1/G2 24 35 0.17984
G3 3 11
TNM stage
-1l 27 37 0.03698
Il 0 9
ER
negative 1 1 >0.9999
positive 26 45
PR
negative 9 20 0.39246
positive 18 26
HER2
negative 15 32 022753
positive 12 14
Ki-67
<14% 5 7 0.96784
>14% 22 39
Axillary lymph nodes
negative 20 28 0.25106
positive 7 18

Page 7 of 18

Cell Line Selection and Transfection

We detected USP53 mRNA expression levels in human
immortalized mammary epithelial cell line MCF-12 A
and six breast cancer cell lines (MCF-7, T47D, BT474,
SKBR3, MDA-MB-453 and MDA-MB-231), and found
that the expression of USP53 in all breast cancer cell
lines, except TD47, was significantly lower than that
in MCF-12 A cell line (Fig. 3A). Combining the current
results with the actual research background, we chose to
continue the follow-up experiments employing MCE-7
and MDA-MB-231.

To investigate the function of USP53 in breast cancer,
the USP53 overexpression or knockdown vector was
transfected into MCF-7 and MDA-MB-231 breast can-
cer cells, and the expression efficiency was confirmed by
real-time PCR (Fig. 3B) and western blot (Fig. 3C andD).

USP53 Inhibited the Proliferation and Cell Cycle Transition of

Breast Cancer Cells

Afterwards, the proliferation of USP53-overexpressed
or -silenced MCF-7 and MDA-MB-231 was measured.
CCK-8, colony formation assays and flow cytometry
revealed that enhanced expression of USP53 suppressed
the viability and colony formation, and delayed cell cycle
transition of breast cancer cells, while the knockdown of
USP53 facilitated cell viability and colony formation, and
accelerated cell cycle transition (Fig. 4A-G). The results
in this section suggested that USP53 inhibited prolifera-
tion of breast cancer cells in vitro.

USP53 Induced Apoptosis and Mitochondrial Injury of Breast

Cancer Cells

Subsequently, flow cytometry data exhibited that USP53
overexpression induced apoptosis of MCF-7 and MDA-
MB-231 cells (Fig. 5A and B). Moreover, the activity of
apoptosis executors, caspase-3 and caspase-9, was sig-
nificantly elevated after USP53 overexpression (Fig. 5C
andD).

Flow cytometry also revealed that USP53 led to a sig-
nificant production of reactive oxygen species (ROS)
(Fig. 5Eand F). JC-1 staining demonstrated the dramatic
reduction of mitochondrial membrane potential in
USP53-overexpressed MCF-7 and MDA-MB-231 cells
(Fig. 5G and H).

These results revealed that USP53 could induce apop-
tosis and oxidative stress injury in breast cancer cells.

ZMYND11 was Associated with USP53 and Breast Cancer
Prognosis

A total of 1785 USP53-correlated genes were obtained by
single gene correlation screening of breast cancer samples
from TCGA database. Then, the functional enrichment
analysis and cluster analysis of this gene set showed that
USP53 was correlated with the activity of transcriptional
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with high and low expression of USP53. E RFS curves of breast cancer patients with high and low expression of USP53. *p <0.05

coregulators, among which it was positively correlated
with ZMYND11 (Fig. 6A and B). Kaplan-Meier Plotter
survival analysis showed that breast cancer patients with
low expression of ZMYNDI11 had worse OS (Fig. 6C),
RES (Fig. 6D), distant metastasis-free survival (DMFS,
Fig. 6E) and post-progression survival (PPS, Fig. 6F) than
those with high expression.

USP53 Interacted with ZMYND11 and Blocked its
Ubiquitination

Given the potential interaction between USP53 and
ZMYND11, we determined the ZMYNDI1 level after
USP53 changes. Western blot results showed that the

ZMYNDI11 protein level was increased after USP53
overexpression and decreased after USP53 silenc-
ing in MCF-7 and MDA-MB-231 cells (Fig. 7A-C). The
immunofluorescent staining results showed the co-
localization of USP53 and ZMYNDI11 (Fig. 7D), and
Co-IP demonstrated their binding in breast cancer cells
(Fig. 7E). Subsequently, CHX was used to block the pro-
tein translation, and western blot results demonstrated
that USP53 delayed the degradation of ZMYND11, while
USP53 knockdown accelerated its degradation (Fig. 7F
and G). The application of proteasome inhibitor MG132
did not exacerbate the effect of USP53, suggesting that
USP53 blocked ZMYND11 degradation via proteasome



Meng et al. Biological Procedures Online (2024) 26:24

Page 9 of 18

15 MCF;Z* 15 MC":’Z
o 15 s
& x10 1.0
77} €
= 3 5 05
-
% 1.0 5 :
=)
E 0 — - 00 ! ] |
< MDA-MB-231 MDA-MB-231
E 15 15 *xk
e 05 <Z( ki o
) x10 1.0
= £ ‘
Q ©
& 05 0.5
0.0 2
o —— 0.0 1 |
> N D> > & N 9
O o P © K oo
S & ,9&$\>§bfg°°
¢ S
<
5 MCF-7 - MCF-7
MQF-7 S e
IS 1.0
USP53 |- s e A || S o % . {120kDa a3 ‘
§ 2 0.5
B-actin ---H----‘ﬂkm @1 i
.. 00 (1]
MDA-MB-231 4 MDAMB-231 . MDA-MB-231
uspsa‘ — - -H — ‘120 koa £ ==
s
g-actin ---H----‘nwa o2
Yol
o
3 N ) & N %)
© o P SRALC At 3
00(\ r‘e?‘ 05_) 00(‘ §\ ) \éz ) \%Q
& & RN

Fig. 3 The overexpression and knockdown of USP53 in breast cancer cells. A The expression of USP53 mRNA in several breast cancer cell lines was deter-
mined by real-time PCR. Subsequently, USP53 coding sequence and the silencing fragment targeting USP53 was inserted into pcDNA3.1 and pRNAH1.1
vectors, respectively, and these vectors were transfected into MCF-7 and MDA-MB-231 breast cancer cells, respectively. B USP53 mRNA expression was
confirmed by real-time PCR after transfection. C, D USP53 protein expression was confirmed by western blot. ***p <0.001

(Fig. 7H). Considering that USP53 was reported to act as
a DUB, the ubiquitination of ZMYNDI11 was assessed.
As was shown in Fig. 71, the ubiquitination of ZMYND11
was attenuated by USP53 overexpression, while aggra-
vated by USP53 knockdown. Cys-box of USP53 (33-50
amino acid residues) was reported to be essential for cat-
alytic properties [25], so the mutated USP53 plasmid with
deficiency of 33—50 animo acid residues was constructed.
The Co-IP results revealed that the deficiency mutation
neither affected the expression of USP53 nor its binding
with ZMYND11, but deprived USP53 of DUB activity
(Fig. 7] and K). These results suggested that USP53 inter-
acted with ZMYND11 and intercepted its ubiquitination
in breast cancer cells.

USP53 Functioned by Regulating ZMYND11 Expression

Next, the ZMYNDI1 silencing vector was transfected
into USP53-overexpressed MCF-7 cells, and the results
demonstrated that USP53-reduced ZMYNDI11 level

was recovered by its knockdown (Fig. 8A and B). CCK-8
assay, flow cytometry and JC-1 staining exhibited that
USP53-induced viability decline, cell cycle arrest, apop-
tosis and mitochondrial injury were abrogated by
ZMYNDI11 silencing to different degrees (Fig. 8C-J).
These results suggested that USP53 exerted function by
positively regulating ZMYND11 expression.

USP53 Restrained the Growth of Breast Cancer
Cells in Nude Mice

Finally, the effects of USP53 on breast cancer was eval-
uated in vivo. As shown in Fig. 9A-C, the USP53-over-
expressed MCEF-7 cells grew significantly slow, while
USP53-silenced cells grew faster. In the tumors, USP53
promoted the expression of ZMYND11 (Fig. 9D-F), con-
sistent with results in vitro. Moreover, USP53 suppressed
the expression of proliferation marker Ki-67, and induced
apoptosis in tumors (Fig. 9G and H). These results
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Fig. 4 USP53 inhibited the proliferation and cell cycle transition of breast
MDA-MB-231 cells with USP53 overexpression or silencing. B, C The colony
formation assay. D-F Flow cytometry was performed to determine the cell

cancer cells. A CCK-8 assay was applied to detect the viability of MCF-7 and
formation ability of MCF-7 and MDA-MB-231 cells was assessed by the colony
percentage in each cell cycle phase. G The proliferative index was calculated

according to the cell percentage in each phase of flow cytometry results by (G2 +5)/G1. *p <0.05, **p <0.01, ***p < 0.001

suggested that USP53 restrained the growth of breast
cancer cells in vivo.

Discussion

The dynamic balance between ubiquitination and deubiq-
uitination is an important mechanism to maintain nor-
mal physiological activities of the human body, but some
genetic or epigenetic changes may lead to the imbalance

of the two, which is closely related to many diseases,
including malignant tumors [26—28]. The role of DUBs
in cancer is therefore receiving increasing attention from
researchers [5]. The involvement of USPs, the biggest
family of DUBs, in tumor development has been reported
for several decades, and they functioned as tumor-sup-
pressors or oncogenes via catalyzing different substrates
[7]. For instance, USP1 stabilized estrogen receptor
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Fig. 5 USP53 enhanced apoptosis and mitochondrial injury in breast cancer cells. A, B The apoptosis of MCF-7 and MDA-MB-231 cells with after ectoptic
expression of USP53was evaluated by Annexin V/PI staining combined with flow cytometry. C, D The activities of caspse-3 and caspase-9 in MCF-7 and
MDA-MB-231 cells with USP53 overexpression were measured with kits. E, F The ROS contents in USP53-overexpressed MCF-7 and MDA-MB-231 cells
were examined by H2DCFDA staining and flow cytometry. G, H The mitochondria was stained by JC-1 reagent, and the mitochondrial membrane poten-
tial was calculated by aggregate (red)/monomer (green). **p <0.01, ***p <0.001

alpha (ERa) to promote proliferation and invasion of
breast cancer cells [29]. USP13 suppressed tumorigenesis
through deubiquitination and stabilization of phospha-
tase and tensin homolog (PTEN) in breast cancer [30].
We used the TCGA database to analyze the expression
of USP family members, and found that USP2, USPS6,
USP44 and USP53 in breast cancer tissues were signifi-
cantly down-regulated compared with those in normal

breast tissues, among which the first three have been
studied in this field [31-33]. Subsequently, we screened
the gene sets of GSE10810, GSE42568, TCGA and
GEPIA2 that are significantly down-regulated in breast
cancer and whose cross-sets contain only one member of
the USP family, USP53. Further, GEPIA2, Kaplan-Meier
Plotter, TCGA and GTEx databases were used to jointly
analyze the expression of USP53 in pancarcinoma and
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Fig. 6 Correlation of ZMYND11 with USP53 and breast cancer prognosis. A, B Functional cluster analysis of USP53 in breast cancer and its correlation
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with high and low expression of ZMYND11

corresponding normal tissues, and the cancer types with
statistical differences in the four analyses were selected,
including breast cancer with low expression of USP53. In
order to verify such expression trend, we collected clini-
cal specimens for analysis, and found that both mRNA
and protein levels of USP53 were significantly lower
in breast cancer tissues than in normal breast tissues.
This was consistent with the expression trend of USP53
in lung cancer [14], renal clear cell carcinoma [15],

hepatocellular carcinoma [16] and esophageal carcinoma
[17], and it acted as a tumor suppressor in these cancers,
so we speculated that USP53 should play the similar role
in breast cancer.

Next, we used clinical tissue samples to analyze the
correlation between USP53 expression and clinicopatho-
logical characteristics of breast cancer, and found that the
level of USP53 was negatively correlated with the clini-
cal stage of breast cancer, which was consistent with the
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Fig. 7 USP53 interacted with ZMYND11 and blocked its ubiquitination. A-C The expression of ZMYND11 in MCF-7 and MDA-MB-231 cells after overex-
pression or knockdown of USP53 was determined by western blot. D The co-localization of USP53 and ZMYND11 was verified in MCF-7 and MDA-MB-231
cells. E The binding between USP53 and ZMYND11 was confirmed in MCF-7 cells with transfection of USP53-flag and ZMYND11-HA vectors. F, G The
ZMYND11 protein levels were determined in MCF-7 cells after CHX treatment for different hours, and the ZMYND11 degradation rate was assessed. H
The ZMYND11 protein level in MCF-7 cells with USP53 overexpression, combined with CHX and MG132 administration for 8 h. 1 The ubiquitinated level of
ZMYND11 in MCF-7 with USP53 overexpression or knockdown was measured by IP. J The mutated USP53 with deficiency of 33-50 amino acid residues
was constructed and transfected into MCF-7 cells, and the binding between ZMYND11 and wild type or mutated USP53 was verified. K The ubiquitina-
tion of ZMYND11 was measured with [P after transfection of wild type or mutated USP53 overexpression vector, and was calculated by aggregate (red)/
monomer (green). *p < 0.05; **p < 0.01; ***p < 0.001; "No significance
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Fig. 8 The effects of USP53 on breast cancer cells was abolished by ZMYND1
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was assessed by CCK-8 assay. D-F The cell cycle distribution of MCF-7 cells in each phase was detected by flow cytometry and the proliferative index
was calculated. G, H The apoptosis of MCF-7 with USP53 overexpression or/and ZMYND11 silencing was examined by Annexin V/PI staining and flow

cytometry. I-J The mitochondrial membrane potential of MCF7 cells with transfection of USP53 overexpression plasmid or/and ZMYND1

vector was determined by JC-1 staining. *p <0.05, **p <0.01, **p <0.001

results of the clinical correlation analysis of USP53 in
the study of esophageal cancer by Cheng et al. [17]. ROC
analysis showed that USP53 had good diagnostic and
predictive value in breast cancer. Kaplan-Meier Plotter
survival analysis suggested that USP53 was a prognostic

1 knockdown

protective factor for breast cancer, and patients with high
expression of USP53 could obtain better OS and RFS. In
studies of lung cancer, renal clear cell carcinoma, hepato-
cellular carcinoma and esophageal cancer, patients with
high expression of USP53 also showed better survival
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Fig. 9 USP53 restrained the growth of breast cancer cells in nude mice. A The MCF-7 cells with stable expression or knockdown of USP53 was subcuta-
neously inoculated in mice with 107 cells per mouse, and the tumors were isolated 21 days later. The mice and tumors were shown. B The tumor size in
mice at different times post inoculation. C The tumor weight was measured at 21 days post inoculationa. D-F The expression of USP53 and ZMYND11 in
tumors was detected by western blot. G The expression and distribution of Ki-67 in tumors were determined by immunohistochemistry staining. H TUNEL

was applied to measure apoptosis in tumors. **p <0.01, ***p < 0.001

outcomes, suggesting that USP53 may be a broad-spec-
trum prognostic protective factor for cancer [14—17].

To confirm the inhibitory effect of USP53 on breast
cancer, we conducted cell function experiments. First, the

down-regulation trend of USP53 in six breast cancer cell
lines was verified, and stable cell lines (MCF-7 and MDA -
MB-231) with USP53 overexpression or knockdown
were successfully constructed for follow-up experiments.
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Through CCK-8, clonogenesis assay and flow cytometry,
it was confirmed that USP53 can reduce DNA synthesis
by triggering G1 phase arrest, thus inhibiting the prolif-
eration activity and clonogenesis ability of breast cancer
cells. In similar studies, USP53 was also shown to have
proliferative inhibitory effects on lung cancer, renal clear
cell carcinoma, hepatocellular carcinoma and esophageal
carcinoma [14-17]. Caspase-3 is one of the most impor-
tant enzymes in the process of apoptosis, which can
activate Procaspase-9, and Caspase-9 further activates
Caspase-3, forming a positive feedback loop and ulti-
mately mediating apoptosis [34—36]. In our study, USP53
overexpression significantly increased the activities of
Caspase-3 and Caspase-9, thereby effectively increas-
ing the apoptosis rate of breast cancer cells. Consistent
with our results, overexpression of USP53 had signifi-
cant pro-apoptotic effects in the studies of lung cancer,
hepatocellular carcinoma and esophageal cancer [14,
16, 17]. Moreover, USP53 caused mitochondrial injury,
and we assumed that mitochondrial damage may medi-
ated USP53-induced cell apoptosis. Mitochondria are the
energy production structure of cells and the main sites of
aerobic metabolism, and normal transmembrane poten-
tial is the prerequisite for maintaining oxidative phos-
phorylation and ATP synthesis [37]. The sharp increase
of ROS content can induce the increase of mitochondrial
inner membrane permeability, which can decrease or dis-
appear the transmembrane potential difference, and then
cause cell damage [38]. Disrupting the normal mitochon-
drial metabolism and inducing excess ROS production
could be considered as novel anti-cancer approaches.
An inhibitor of mitochondrial TCA cycle, CPI-613,
promoted ROS-mediated apoptosis in pancreatic can-
cer cells [39]. A microtubule-targeting agent CYT997
induced apoptosis through triggering mitochondrial ROS
generation in gastric cancer cells [40]. Our data showed
that USP53 induced mitochondrial injury and elevated
ROS production, which may mediate the apoptosis and
proliferation inhibition in USP53-overexpressed breast
cancer cells. Cheng et al. reported that USP53 also caused
the same effect of mitochondrial damage in esophageal
cancer cells [17].

A catalytic triad consisting of cysteine, histidine and
aspartic acid exists in most members of the USPs [10].
In response to diubiquitin binding, the catalytic cysteine
residue deprotonates, attacking the isopeptide linkage,
which forms a first, negatively charged tetrahedral inter-
mediate stabilized by an oxyanion hole in the catalytic
domain. The proximal ubiquitin is is released later, fol-
lowed by the formation of an acyl intermediate. Another
tetrahedral intermediate results from the following
deacylation reaction carried out by a water molecule.
When this intermediate collapses, the distal ubiquitin is
released, allowing the apoenzyme to regenerate [6, 41].
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Currently, USP53 has been shown to catalyze deubiquiti-
nation of several proteins and prevent their degradation,
such as FKBP51, IkBa and cytochrome C [14-16]. Bioin-
formatics analysis showed a positive correlation between
the expression of USP53 and ZMYNDI11 in breast can-
cer tissues. Survival analysis found that breast cancer
patients with high expression of ZMYNDI11 showed
better prognosis, which was consistent with the analy-
sis results of Wen et al. [23]. These findings suggest that
there may be synergies between ZMYND11 and USP53,
and that ZMYND11 may mediate the function of USP53.

Therefore, we conducted a series of experiments focus-
ing on the relationship between USP53 and ZMYND11.
Immunofluorescence staining showed that USP53 and
ZMYND11 were co-localized in breast cancer cells, and
Co-IP assay showed that the two could bind to each
other, and both could still bind after the mutation of the
active center of USP53, accompanied by the increase of
the ubiquitination level of ZMYNDI11. USP53 is a classi-
cal cysteine proteases, and its 33—50 amino acid is identi-
fied as catalytic Cys-box [25]. In our results, the absence
of this Cys-box only caused USP53 to lose its deubiq-
uitination effect on ZMYND11, but did not affect their
binding. This was consistent with a previous paper [16],
in which the deletion of 33-50 amino acid only abro-
gated the deubiquitinaiton of USP53 on cytochrome C
in hepatoma cells, and did not affect the binding of the
two. These results indicated that Cys-box was not neces-
sary for the binding of USP53 to its substrates, and there
may be other subbinding sites. Next, we confirmed by
Western blot that overexpression of USP53 could up-
regulate the expression of ZMYND11, accompanied by a
decrease in its ubiquitination level, while knockdown of
USP53 showed an opposite trend. Using CHX to inhibit
protein synthesis in breast cancer cells, it was found that
overexpression of USP53 delayed the degradation of
ZMYND11, while knockdown of USP53 accelerated its
degradation. When MG132 was further used to block
the ubiquitin-proteasome system (UPS), the expression
of ZMYND11 was not further upregulated, which con-
firmed the degradation of ZMYND11 by UPS pathway,
indicating that USP53 effectively stabilized the protein
level of ZMYNDI11 through deubiquitination. This regu-
latory trend was consistent with the deubiquitination of
cytochrome C, IkBa, and FKBP51 by USP53 in hepato-
cellular carcinoma, renal clear cell carcinoma and lung
cancer studies [14—16].

In the subsequent Rescue experiment, we knocked
down ZMYNDI11 on the basis of USP53 overexpres-
sion. The results showed that shZMYND11 significantly
improved the survival ability of breast cancer cells, pro-
moted the cell cycle process, reduced the number of
apoptotic cells, and replicated the mitochondrial trans-
membrane potential. This indicated that ZMYND11
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knockdown reversed the effects of proliferation inhibi-
tion, G1 phase arrest, pro-apoptosis and mitochondrial
damage in breast cancer cells caused by overexpression
of USP53, thereby reverently confirming the in vitro
inhibitory effect of USP53 deubiquitination stabiliz-
ing ZMYND11 expression. This was consistent with the
results of in vitro studies of ZMYND11 in brain glioma
and kidney cancer [42, 43]. Finally, we further studied the
role and mechanism of USP53 in vivo by constructing the
transplanted tumor model of MCEF-7 cell nude mice. The
results showed that USP53 could significantly inhibit the
growth of breast cancer grafts, decrease the proliferation
activity of cancer cells, increase the number of apoptotic
cells in the tumor, and still regulate the expression level
of ZMYND11. The above results are consistent with the
results published by YANG et al. that ZMYND11 inhibits
GBM in vitro and in vivo [21].

Breast cancer is a common female tumor, contains
four subtypes: Luminal A, Luminal B, HER2+++ and
triple negative breast cancer [44]. Our data demon-
strated that USP53 was downregulated in breast can-
cer specimens, including the above four subtypes. The
cell lines used in our study, MCF-7 and MDA-MB-231,
were originated from Luminal A and triple negative
breast cancer patients, respectively. Our results demon-
strated that USP53 inhibited proliferation and induced
apoptosis of MCF-7 and MDA-MB-231 cells in vivo and
in vitro, suggesting that the anti-tumor effect of USP53
was extensive in different subtypes of breast cancer. The
previous article reported the tumor-suppressive role of
ZMYNDI11 in MDA-MB-231 cells, and our data supple-
mented its role in MCF-7 cells. These evidences revealed
that the anti-cancer function of USP53 may be mediated
by ZMYNDI11 in breast cancer. However, whether this
hypothesis holds in other tumors needs to be verified.

Conclusions

USP53 was low expressed in breast cancer tissues, and
its expression was negatively correlated with the clinical
stage of breast cancer. USP53 suppressed proliferation
and led to apoptosis of breast cancer cells in vitro and in
vivo. USP53 induced deubiquitination and stabilization
of ZMYND11, both of which were prognostic protective
factors for breast cancer. ZMYNDI11 mediated the func-
tion of USP53 in breast cancer progression. These find-
ings may provide new insights into the clinical diagnosis,
treatment and prognosis of breast cancer.
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