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Abstract

Purpose Bromodomain-containing protein 7 (BRD7) is downregulated and functions as a tumor suppressor in many types
of cancers including breast cancer, and the dysregulation of BRD7 expression is closely related to the development and pro-
gression of breast cancer. Whereas little attention has been focused on the regulation of BRD7 protein levels in breast cancer,
which needs to be further elucidated.

Methods The protein stability of BRD7 in breast cancer cells and BRD7 protein level in breast cancer tissues was examined
by Western Blotting. The potential E3 ubiquitin ligase proteins that interact with the BRD7 was screened by coimmunopre-
cipitation combined with mass spectrometry analysis in MDA-MB-231 cells. We proved the interaction between BRD7 and
tripartite motif containing 28 (TRIM28) through Co-Immunoprecipitation (Co-IP) and immunofiuorescence assays. Co-IP
and ubiquitination assay were used to explore the specific binding domain between BRD7 and TRIM28 and the ubiquitina-
tion site of BRD7. The effects of TRIM28 on the BRD7 protein stability and ubiquitination level was investigated by qPCR,
Western Blot and Co-IP assay. CCK-8 and clone formation assays were carried out to assess the effect of TRIM28 on prolif-
eration ability of breast cancer ells. Transwell assay and wound healing assay were used to investigate the effect of TRIM28
on breast cancer cell invasion and migration. Flow cytometry was used to detect the effect of TRIM28 on cell cycle and apop-
tosis of breast cancer cells. In addition, we confirmed effect of TRIM28 on tumor growth and metastasis by xenograft and
metastatic mouse models. We designed some recovery assays to explore the role of recovery BRD7 in TRIM28-mediated
promotion of malignant progression of breast cancer in vivo and in vitro. Finally, the clinical significance of TRIM28 and
BRD7 was proved by immunohistochemistry.

Results In this study, we demonstrated that BRD7 was an unstable protein and might be regulated by ubiquitination in
breast cancer; furthermore, we found that the Coiled-Coil region of TRIM28 could directly bind to N-terminal of BRD7,
and TRIM28 mediates BRD7 ubiquitination and degradation dependent on K21 by acting as a potential E3 ubiquitin ligase.
Moreover, TRIM28 promoted cell proliferation, migration, invasion, xenograft tumor growth and metastasis, thus playing
an oncogenic role in breast cancer. Furthermore, the restoration of BRD7 expression in breast cancer significantly reversed
the promotional effects of TRIM28 on malignant progression both in vitro and in vivo. In addition, TRIM28 was highly
expressed in the biopsy tissues of breast cancer, and its expression was negatively correlated with BRD7 expression and
positively correlated with TNM stage and poor prognosis of BC patients.

Conclusions Our findings provide a novel mechanism by which TRIM28 significantly facilitates BRD7 ubiquitination and
degradation, thus promoting breast cancer malignant progression. Targeting the TRIM28/BRD7 axis might be a novel poten-
tial strategy for the clinical diagnosis and treatment of breast cancer.
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Abbreviations

TRIM28 tripartite motif protein 28

BC breast cancer

BRD7 bromodomain-containing protein 7
DMEM  Dulbecco’s modified Eagle’s medium
Brd bromodomain

TNM tumor node metastasis

EMT epithelial-mesenchymal transition
siRNA small interfering RNA

BCA Bicinchoninic Acid

IP immunoprecipitation

HE hematoxylin-eosin staining

SNP single-nucleotide polymorphism
FBS Fetal bovine serum

HC immunohistochemistry

1 Introduction

Breast cancer is a type of malignant tumor occurring in
the ductal epithelium and lobular epithelium of the breast;
among all malignancies, breast cancer has the highest mor-
bidity and mortality rates in women, posing a serious threat
to women’s health [1]. The pathogenesis of breast cancer is
affected by genetic and nongenetic risk factors. The genetic
factors include susceptibility genes such as Breast cancer
susceptibility gene 1 (BRCA1), Breast cancer susceptibility
gene 2 (BRCA?2), checkpoint kinase 2 (CHEK?2), and single-
nucleotide polymorphisms (SNPs) associated with breast
cancer [2]. The nongenetic factors include age, a personal
history of breast disease, radiation, exogenous estrogen use,
and reproductive factors [3—5]. However, the detailed mech-
anism of breast cancer is still unknown. Therefore, it is vital
to explore the potential molecular regulatory mechanism in
breast cancer progression, which will provide new treatment
strategies for BC.

Bromodomain-containing protein 7 (BRD7) is a pro-
tein containing a single bromodomain (Brd), which was
screened and identified by ¢cDNA differential analysis and
library screening in nasopharyngeal carcinoma in our lab
in 2000 [6]. BRD7 is downregulated and functions as a
tumor suppressor in multiple tumors, such as nasopharyn-
geal carcinoma, breast cancer, lung cancer, liver cancer,
ovarian cancer, and endometrial cancer [7-13]. BRD7 has
been reported to function as a transcriptional regulator that
participates in the transcriptional regulation of downstream
genes in tumors [14—16]. In addition, it has been established
that ubiquitination, sumoylation and phosphorylation are
involved in the posttranslational modification of BRD7
expression [17—-19]. However, the posttranslational modifi-
cation of BRD7 in breast cancer is still not well understood.
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The tripartite motif-containing (TRIM) family, contain-
ing more than 80 members, is known as a subfamily of the
RING-type E3 ubiquitin ligase family [20]. Accumulat-
ing evidence has demonstrated that TRIM family proteins
play important roles in the occurrence and development of
tumors, intracellular signal transduction, transcription regu-
lation, innate immunity, autophagy and tumor progression
[21,22]. Tripartite motif containing 28 (TRIM28) is a mem-
ber of the TRIM family, which is located on chromosome 19
and contains 17 exons [23]. Several studies have proven that
TRIM28 is involved in the malignant progression of several
tumors as an oncogene, including glioblastoma [24], hepa-
tocellular carcinoma [25], pancreatic cancer [26], non-small
cell lung cancer [27], and breast cancer [28]. Nevertheless,
the detailed functional role of TRIM28 in BC and its under-
lying mechanism are still unclear.

In the present study, we found that BRD7 was confirmed
to be an unstable protein and that TRIM28 could directly
bind to BRD7 and promote its ubiquitination and degra-
dation by functioning as a potential E3 ubiquitin ligase.
Moreover, TRIM28 promoted cell proliferation, migra-
tion, invasion, xenograft tumor growth and metastasis by
decreasing BRD7 protein stability in breast cancer. Target-
ing the TRIM28/BRD?7 axis might be a novel potential strat-
egy for the clinical diagnosis and treatment of breast cancer.

2 Materials and methods
2.1 Clinical data information

A total of 178 breast cancer and 33 normal breast paraffin-
embedded samples were collected from the Second Xiangya
Hospital of Central South University, and this study was
approved by the Ethics Review Committees/Institutional
Review Boards of Central South University. The clinico-
pathologic features of the breast cancer patients mainly
included gender, age, tumor size, node metastasis, distant
metastasis, clinical tumor node metastasis (TNM) stage,
pathology diagnosis, survival time and molecular subtype.
The immunohistochemical scores of clinical samples were
based on the detailed procedures described in previous arti-
cles [29].

2.2 Antibodies

Anti-TRIM28 (1:1000), anti-BRD7 (1:2000), anti-GAPDH
(1:5000) and anti-t-PARP (1:1000) were purchased from
Proteintech Group, Inc. (Wuhan, China). Anti-Flag (1:1000)
and anti-HA (1:1000) were purchased from Sigma—Aldrich.
Anti-Vimentin (1:1000) was purchased from Arigo (Tai-
wan, China). Anti-Snail (1:1000), anti-E-cadherin (1:1000)
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and anti-c-PARP (1:1000) were purchased from Cell Signal-
ing Technology, Inc. (Beverly, MA). HRP-conjugated sec-
ondary antibodies were purchased from Beyotime Biotech
(Wuhan, China) (Supplementary Table 1).

2.3 Cell lines and culture

MDA-MB-231 (RRID: CVCL _0062) and MCF7 (RRID:
CVCL _0031) cells were obtained from ATCC (The Global
Bioresource Center). All cells were cultured in high glucose
Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS) (BI, Israel) and 1% penicil-
lin/streptomycin and maintained in a humidified atmosphere
of 5% CO, at 37 °C. All experiments were performed with
mycoplasma-free breast cancer cells.

2.4 TRIM28 expression level and relapse-free
survival analysis

The expression of TRIM28 in cancer was analyzed by
GEPIA (http://gepia.cancer-pku.cn/index.html), and the
expression of TRIM28 in breast cancer and normal tissues
was analyzed by the TCGA database. The prognostic value
of TRIM28 expression was examined using the Kaplan—
Meier-Plotter database online.

2.5 Cell transfection

Specific small interfering RNAs (siRNAs) against TRIM28
or BRD7 were purchased from RiboBio (Guangzhou,
China). Cells grew at a suitable density to attain 50-60%
confluence by the time that transfection was performed after
12 h. All plasmids and siRNAs were transfected into the
indicated cells using Polyplus transfection (INTERFERin)
according to the manufacturer’s instructions.

2.6 Cell proliferation and colony formation assay
Cell proliferation was detected by Cell Counting Kit-8
(CCK-8) (Selleck, Houston, TX, USA). MDA-MB-231

and MCF7 cells (1000 cells/well) were plated into 96-well
plates, and then 10 pL of CCK-8 reagent was added to

Table 1 Primer sequences in this paper

Name Primer sequences (5'-3") Primer
Length
(bp)
BRD7 Forward AAGCACACGCCTTCAAGAGT 20
BRD7 Reverse TTCCTTCACGATGCGGTCAA 20
TRIM28 Forward ~ AATGATGCCCAGAAGGTGAC 20
TRIM28 Reverse TTGAGGTCCCACTAAAACTT 20
GAPDH Forward CAACGGATTTGGTCGTATTGG 21
GAPDH Reverse TGACGGTGCCATGGAATTT 19

each well at different time points (0, 1, 2, 3, 4, and 5 d). A
microplate reader (Beckman, Brea, CA, USA) was used to
obtain the cell absorbance at 450 nm after 2 h of incubation
at 37 °C. For the colony formation assays, MDA-MB-231
and MCF7 cells were plated in a 6-well plate at a density of
1000 per well. The cells were further cultured at 37 °C for
2 weeks, and then the plates were washed three times with
1 x PBS. The colonies were fixed with 4% polyoxymeth-
ylene and stained with crystal violet (Beyotime, Beijing,
China). The colony counts were normalized to the control
and expressed as a percentage.

2.7 Wound-healing and transwell assays

For the wound-healing assay, MDA-MB-231 and MCF7
cells were seeded in 6-well plates after transfection and
cultured to the sub confluence. The “scratch” wounds were
created by a 10-uL pipette tip. Next, the cells were cultured
with 2% FBS, and photos were taken under a microscope
at different time points and the images were analyzed by
ImagelJ and statistically analyzed by GraphPad Prism 8.01.
To perform the Transwell assay, Transwell chambers (8-pm
pore size; Corning, NY, USA) were coated with Matrigel
(BD Biosciences, NY, USA) diluted in a 1:8 proportion
with serum-free medium. Then, 5x 10* cells suspended in
serum-free medium were plated on the top of the chamber,
while medium supplemented with 20% FBS was placed in
the lower chamber. After incubation for 48 h, cells were
fixed with 4% polyoxymethylene and stained with crystal
violet (Beyotime, Beijing, China), and then three random
fields per group were photographed under a microscope.

2.8 Total RNA extraction and qRT-PCR analysis

Total RNA was extracted from MDA-MB-231 and MCF7
cells by using TRIzol reagent (Invitrogen, Carlsbad, USA).
First strand cDNA synthesis of total RNAs was performed
using a Revert Aid first strand cDNA synthesis Kit accord-
ing to the instructions (K1622, Thermo Scientific, Waltham,
USA). Quantitative RT-PCR analysis was conducted to
measure the levels of mRNA using Platinum SYBR Green
qPCR SuperMix-UDG reagents (Accurate Biotechnology,
Hunan, China) with the Bio-Rad CFX96 Touch sequence
detection system (Bio-Rad Laboratories Inc.). The relative
mRNA levels were normalized to that of GAPDH. The rel-
ative fold changes in expression were analyzed using the
2742CT method, and each sample was analyzed in triplicate.
The sequences of primers used in this article are listed in
Table 1.
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2.9 Western blotting assay

Cells were lysed with Western and IP lysis buffer (25mM
Tris HCI (pH7.4), 150mM NaCl, 1% NP-40 and 5% glyc-
erol) (NCM Biotech) in the presence of a protease inhibi-
tor cocktail on ice for 30 min. Protein concentration was
determined using a Bicinchoninic Acid (BCA) protein assay
kit (Thermo Fisher Scientific, Inc.). Protein samples were
mixed with 1 X SDS—PAGE protein loading buffer (NCM
Biotech) at 95 °C for 5 min, separated by 10% SDS—PAGE
(NCM Biotech) and then transferred to PVDF membranes
(Millipore, Billerica, USA). The membranes were blocked
in 5% nonfat milk at room temperature for 1 h and incubated
with the indicated primary antibodies at 4 °C overnight.
After incubation with HRP-conjugated secondary antibod-
ies for 1 h at 37 °C, the signals were detected using an ECL
kit (Pierce, Rockford, IL, USA) and a chemiluminescence
detection system (MiniChemi™ I, SAGECREATION,
China).

2,10 Coimmunoprecipitation

For immunoprecipitation (IP), cell lysates were prepared
with Western and IP lysis buffer (25mM Tris HCI (pH7.4),
150mM NaCl, 1% NP-40 and 5% glycerol) (NCM Biotech),
and the protein A/G-agarose beads (Santa Cruz Biotechnol-
ogy, USA) were incubated with the indicated antibodies for
2 h at room temperature. Protein fractions and Protein A/G
beads were incubated at 4 °C overnight (12—14 h). Then,
the beads were washed 3 times for 5 min each and boiled
at 95 °C for 5 min in 1 X SDS loading buffer for western
blotting analysis.

2.11 Coimmunoprecipitation and mass
spectrometry analysis (Co-IP-MS)

MDA-MB-231 and HEK293 cells were transfected with
the plasmid pIRES2-EGFP-BRD7/3Flag for 48 h. The pro-
tein A/G-agarose beads (Santa Cruz Biotechnology, USA)
were incubated with the indicated antibodies for 2 h at room
temperature. Then, the protein extracts were incubated with
Protein A/G beads conjugated to anti-Flag or anti-IgG anti-
bodies overnight (12—14 h). Then, the beads were washed 3
times for 5 min each by Western and IP lysis buffer (NCM
Biotech) and the samples were denatured in 30 pL of 2
X SDS loading buffer at 95 °C for 5 min and resolved by
10% SDS-PAGE. Following protein separation, the gel was
stained using a Coomassie blue staining kit (Beyotime Bio-
technology, China) and shaken gently overnight in double
distilled water for decolorization. The bands were cut into
tiny micelles, decolorized to transparency with decoloring
solution (50% acetonitrile (ACN) and 25 mM NH,HCO,),
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and infiltrated with 250 pL of protein protection solution (55
mM IAA and 25 mM NH4HCOs) at RT for 30 min. The sam-
ples were further infiltrated with 250 puL of a protective solu-
tion (25 mM dithiothreitol (DTT) and 25 mM NH,HCO;) at
RT for 30 min, dehydrated with 100% ACN and dried using
a vacuum drier; then, an appropriate amount of trypsin was
added for digestion at 37 °C overnight. The samples were
dehydrated with solution buffer (0.1% trifluoroacetic acid
and 70% ACN). Then, the peptides were further diluted
with 0.1% formic acid and analyzed by nano-LC-MS/MS
using an LTQ Velos Orbitrap MS (Thermo Fisher Scientific,
Waltham, MA, USA) coupled with an UltiMate RSLCnano
LC system (Dionex, Sunnyvale, CA, USA).

2.12 Immunofluorescence

MDA-MB-231 and MCF7 cells were plated in a 12-well
plate, and then the cells were washed with PBS three times
and fixed in 4% paraformaldehyde for 30 min at RT. The
fixed cells were permeabilized with a buffer containing
0.3% Triton X-100 for 30 min and then blocked in normal
goat serum (AR0009, BOSTER Biological Technology)
for 30 min. Next, the indicated primary antibodies, anti-
TRIM28 (1:200) and anti-BRD7 (1:400), were incubated
overnight at 4 °C. Then, the cells were incubated with
secondary antibodies diluted in antibody dilution buffer at
1:1000 at 37 °C for 1 h, and nuclei were stained with DAPI
(Beyotime Biotechnology, China) for 10 min at RT. Cells
were observed with confocal laser microscopy and ImagelJ
was used to quantitatively analyze the co-localization of
TRIM28 and BRD7 in breast cancer cells [30, 31].

2.13 Protein stability and ubiquitination assays

For the BRD7 protein stability experiment, MDA-MB-231
and MCF7 cells were transfected with siRNA or plasmids
for 24 h and exposed to 50 nM cycloheximide (CHX, MCE)
for the indicated timepoints (0, 1, 2 and 4 h). Then, the
cell lysate was prepared and subjected to western blotting
analysis.

For the ubiquitination assay, MDA-MB-231 and MCF7
cells were cotransfected with HA-Ub plasmid, TRIM28
plasmid, TRIM28 ARING plasmid, siTRIM28 (siRNA#1
and siRNA#2). For the detection of ubiquitination site of
BRD7, MCF7 cells were cotransfected with HA-Ub plas-
mid, TRIM28 plasmid, BRD7 lysine mutant plasmid. After
48 h, the cells were treated with 20 pM MG132 for 4 h and
lysed in Western and IP lysis buffer (NCM Biotech) supple-
mented with protease inhibitors. Then, the cell lysates were
incubated with anti-BRD7 antibody overnight at 4 °C, and
the cells lysates were further incubated with 20 ul of protein
A/G beads (MCE, New Jersey, USA) at 4 °C for 2 h. Next,
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western blotting analysis was performed to measure the lev-
els of Ub, TRIM28 and BRD7.

2.14 Analysis of apoptosis and cell cycle

Cell apoptosis and cell cycle analyses were all performed
with a flow cytometry system (BD Biosciences, Franklin
Lakes, NJ, USA) according to the manufacturer’s instruc-
tions. For apoptosis analysis, BC cells under different treat-
ments were collected and suspended in 1X binding buffer
and then incubated with annexin V-FITC and propidium
iodide (PI) at RM for 15 min. Then, the apoptotic ratio was
detected by the above flow cytometry system. For cell cycle
analysis, cells were harvested and fixed in 70% ethanol for
24 h at —20 °C. Next, the cells were treated with RNase A,
stained with 25 pg/ml propidium iodide (PI), and then ana-
lyzed by flow cytometry.

2.15 Mouse model

Four-week-old female BALB/c nude mice were purchased
from Hunan Slake Jingda Experimental Animal Co., Ltd.
Animal experiments were divided into three groups: the
negative control, TRIM28 knockdown (shTRIM28#1), and
TRIM28 knockdown (shTRIM28#1) plus BRD7 knock-
down (shBRD7) groups. For the breast cancer xenograft
model, 4x 10° stably-transfected MCF7 cells in 150 pL of
saline were subcutaneously inoculated into the shoulders of
the nude mice, respectively, with five mice in each group
(n=15). Tumor size was observed and measured every 4 days.
Tumor volume was evaluated using the following formula:
volume = (length x width?) x 1/2. All mice were sacrificed
30 days after subcutanecous inoculation under anesthesia,
and the tumor samples were then collected, fixed with 4%
formalin, and embedded in paraffin for IHC analysis. For
tumor metastasis experiments, 2x10° stably-transfected
MDA-MB-231 cells in 200 pL of saline were injected into
nude mice via the tail, and the experiment was also divided
into three groups as described above, with 5 mice in each
group. The mice were sacrificed 35 days after transplanta-
tion, the lung tissues were isolated and embedded in 4% par-
affin for H&E staining assays, and the micronodules were
counted.

2.16 Immunohistochemistry (IHC) staining

For the IHC assays, the procedures were described in a
previously published article [29]. Briefly, after deparaf-
finization and rehydration, the sections were blocked with
5% goat serum blocking solution for 30 min and incu-
bated overnight with the indicated primary antibodies at
4 °C and then incubated with the secondary antibody at

RT for 30 min. The primary antibodies used in this article
included anti-TRIM28 (1:1600, Proteintech), anti-BRD7
antibody (1:400, Proteintech), anti-c-PARP (1:100, CST),
anti-Vimentin (1:600, Arigo), anti-Ki67 (1:400, Bioworld),
anti-E-cadherin (1:1000, CST), anti-c-PARP (1:300, CST),
and anti-CDK4 (1:400, ABclonal). The IHC score was cal-
culated based on the staining intensity and the percentage of
stained cells [29]. Briefly, the staining intensity was graded
as 0 (negative) to 3 (strong). The percentage of positive cells
was scored 0—1.0 (0-100%). The final staining score (0-3)
was calculated as the multiplication of the intensity score
and extent score.

2.17 Statistical analysis

The relationships between the BRD7 and TRIM28 expres-
sion levels and clinicopathological characteristics of patients
with breast cancer were assessed using the chi-squared test.
Spearman’s rank correlation analysis was used to assess the
significance of the association between BRD7 and TRIM28
expression in breast cancer. Kaplan—Meier analysis was per-
formed to generate RFS curves, and statistical significance
was assessed using the log-rank test. Comparisons between
two groups of data were analyzed using Student’s ¢ test, and
multiple sets of data were analyzed with one-way ANOVA;
data are presented as the means+SDs using GraphPad
Prism 8.01. P values less than 0.05 indicate statistical sig-
nificance (ns, P>0.05; *, P<0.05; **, P<0.01; and ***,
P<0.001).

3 Results
3.1 BRD7 is an unstable protein in breast cancer

As BRD7 is dysregulated in many tumors and its low
expression is a critical mechanism leading to the malignant
progression of many tumors, it is necessary to investigate
the molecular mechanism of dysregulated expression of
BRD7 in breast cancer. We randomly collected 6 pairs of
breast cancer patient tumor tissues and adjacent tissues, then
detected the protein expression of BRD7 in these tissues by
western blotting. The results showed that the expression of
BRD7 in breast cancer tissues was significantly lower than
that in adjacent tissues (Fig. 1A). Then, we set up a CHX
treatment group (CHX treatment for 4 h) and an MG132
(an inhibitor of the proteasome pathway) treatment group
(MG132 treatment for 4 h) in MDA-MB-231 and MCF7
cells. As shown in Fig. 1B, with the prolongation of CHX
treatment time, the protein level of BRD7 was gradually
reduced and almost completely degraded at the 4 h time-
point, indicating that BRD7 was a very unstable protein
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Fig. 1 BRD7 is proved to be an unstable protein in breast cancer. A
Western blotting analysis of the protein expression level of BRD7
in tumor tissue and paired adjacent tissues of breast cancer patients.
B MDA-MB-231 and MCF7 cells were treated with cycloheximide

with a half-life of 0.5—1 h. Furthermore, the protein level of
BRD7 was restored after MG132 treatment. Taken together,
these results indicate that BRD7 is an unstable protein in
BC and that the ubiquitin—proteasome degradation path-
way might be involved in the posttranslational regulation
of BRD7.

3.2 TRIM28 promotes the degradation of the BRD7
protein by the ubiquitin—proteasome degradation
pathway in breast cancer

Since BRD7 was identified as an unstable protein in BC,
its degradation might be regulated by a ubiquitin-protea-
some pathway. To identify the regulatory mechanism, we
screened potential E3 ubiquitin ligase proteins that interact
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(CHX) (50 nM), or treated with cycloheximide (CHX) (50 nM) and
MG132 (20 uM) for 4 h, the expression of BRD7 were detected by
western blotting. The line chart was further quantitatively analyzed
BRD?7 expression

with the BRD7 protein by mass spectrometry in MDA-
MB-231 cells transfected with Flag-tagged BRD7, fol-
lowed by immunoprecipitation using an anti-Flag antibody.
The results showed that the E3 ubiquitin ligases with score
values greater than 9 were screened, including tripartite
motif containing 21 (TRIM21), tripartite motif contain-
ing 4 (TRIM4), TRIM28 and other E3 ubiquitin ligases
(Fig. S1A, B) (Supplementary Table 2). Similarly, we also
screened the potential interaction proteins with BRD7 in
HEK293 cells (70 molecules) (Supplementary Table 3).
To our interest, TRIM28 was found to potentially interact
with BRD7 in both of the cell lines as potential E3 ubig-
uitin ligase. Additionally, as BRD7 was determined to be
a tumor suppressor gene in breast cancer, to investigate the
degradation of BRD7, we focused on potential oncogenes



TRIM28 promotes tumor growth and metastasis in breast cancer by targeting the BRD7 protein for...

from the TRIM family. As shown in Fig. SIC-E, it was
found that TRIM28 was highly expressed in many cancers
through GEPIA online. Moreover, the expression level of
TRIM28 was significantly higher in BC tissues (n=1099)
than in normal tissues (#=292) using RNA-seq data from
the TCGA database. In addition, the Kaplan—Meier plotter
database showed that TRIM28 is an independent predictor
of poor prognosis in patients with BC. These results indi-
cated a potential oncogenic role of TRIM28 in the develop-
ment of BC and suggested that TRIM28 may be a valuable
predictive factor for poor prognosis in BC. Considering that
TRIM28 might be involved in the malignant progression of
BC, we chose TRIM28 for further investigation.

To further confirm the interaction between TRIM28
and BRD?7, co-transfection with HA-BRD7-expressing
and Flag-TRIM28-expressing plasmids was conducted in
BC cells, and then a coimmunoprecipitation (Co-IP) assay
was performed by using an antibody against Flag or HA.
The results showed that TRIM2S interacted with BRD7 in
BC cells (Fig. 2A). Moreover, TRIM28 and BRD7 colo-
calized in the nucleus of MDA-MB-231 and MCF7 cells
(Fig. 2B). We next determined the regulatory relationship
between TRIM28 and BRD7 expression in BC cells. As
shown in Fig. 2C, TRIM28 knockdown by small interfering
RNAs (siRNA) significantly increased the protein expres-
sion of BRD7 in MDA-MB-231 and MCF7 cells, while
TRIM28 overexpression reduced the protein expression
of BRD7 (Fig. S2A). However, overexpression or knock-
down of TRIM28 did not alter the mRNA level of BRD7
(Fig. S2B). These data suggested that TRIM28 may regu-
late BRD7 in a translational or posttranslational manner. We
further investigated whether TRIM28 impacted the stability
of the BRD7 protein. We treated BC cells with CHX and
monitored BRD7 expression by western blotting at differ-
ent time points. The results indicated that TRIM28 knock-
down increased the half-life of the BRD7 protein in both
MDA-MB-231 and MCF7 cells (Fig. 2D). Additionally,
the inhibitory effect of TRIM28 overexpression on BRD7
protein was dramatically reversed in BC cells treated with
MG132 (Fig. 2E). These results indicated that TRIM28 pro-
moted BRD7 degradation by the proteasomal pathway. To
further illustrate the importance of the E3 ligase activity
of TRIM28, we construct the expression plasmids encod-
ing TRIM28 with deletion of the RING domain. Notably,
overexpression of full-length TRIM28 reduced the protein
stability of BRD7, whereas deletion of the RING domain of
TRIM28 abrogated the capability (Fig. 2F). As TRIM28 is a
potential E3 ubiquitin ligase, we next explored the effect of
TRIM28 on BRD7 ubiquitination. We found that TRIM28
knockdown decreased the polyubiquitination of BRD7 in
MDA-MB-231 and MCF7 cells (Fig. 3A). However, the
overexpression of TRIM28 presented the opposite result

(Fig. S2C). We further characterized which type of ubig-
uitination of BRD7 was regulated by TRIM28. MCF7 cells
were cotransfected with TRIM28 and K48 or K63 ubiqui-
tin plasmids. As shown in Fig. 3B, TRIM28 promoted the
K48-linked ubiquitination and K63-linked ubiquitination of
BRD7. The overexpression of full-length TRIM28 promoted
ubiquitination of BRD7, while deletion of the RING domain
of TRIM28 eliminated this ability the capability (Fig. 3C).
These data revealed that TRIM28 serves as a potential E3
ubiquitin ligase promotes the degradation of BRD7 protein
by ubiquitination in BC cells.

To further investigated the interaction region of TRIM28
and BRD7, a series of BRD7 deletion mutants and TRIM28
deletion mutants were generated (Fig. 3D, E), then Co-IP
was performed to explored the interaction domain between
TRIM28 and BRD7. As shown in Fig. 3F, G, there was an
interaction between the N-terminal domain of BRD7 and
the Coiled-Coil domain of TRIM2S. In order to explore the
lysine site of BRD7 ubiquitination mediated by TRIM28, we
further predicted that there were 6 possible ubiquitination
sites of the N-terminal domain of BRD7 by using UBPRED
(http://www.ubpred.org/) website (K21, K28, K52, K103,
K119, and K127) (Fig. 3H). We then mutated these lysine
residues to arginine (K21R, K28R, K52R, K103R, K119R,
and K127R) and performed the ubiquitination assay to
explore which lysine is required for TRIM28-mediated
BRD7 ubiquitination. As shown in Fig. 31, overexpres-
sion of Flag-TRIM28 in MCF7 cells obviously elevated the
ubiquitination level of wild-type HA-BRD7. The increase
in ubiquitination level of BRD7 could also be observed in
K28R, K52R, K103R, K119R, and K127R mutants of HA-
BRD7, but not in K21R mutant. Taken together, these data
reveal that K21 is critical for TRIM28-mediated ubiquitina-
tion of BRD7.

3.3 TRIM28 promotes BC progression and functions
as an oncogene in vitro

To further clarify the effects of TRIM28 in BC malignant
progression, we knocked down TRIM28 by RNA interfer-
ence technology with two different siRNAs against TRIM28,
and the knockdown efficiency of TRIM28 was confirmed
by western blotting (Fig. 4A). Then, Cell Counting Kit-8
(CCK-8) and colony formation assays were performed to
assess the effect of TRIM28 knockdown on cell prolifera-
tion, and the results showed that the knockdown of TRIM28
decreased cell proliferation and colony formation in BC cells
(Fig. 4B, C). We next analyzed the effect of TRIM28 knock-
down on cell apoptosis by conducting annexin V-FITC/PI
double-staining and flow cytometry analysis after the cells
were serum-starved for 24 h. As shown in Fig. S3A, the
knockdown of TRIM28 increased the number of apoptotic
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{ Fig. 2 E3 ligase TRIM28 promotes the degradation of BRD7 protein
by ubiquitination in BC. A Co-immunoprecipitation (Co-IP) assay
was performed by using the Flag or HA antibody and western blotting
analysis of Flag-TRIM28 and HA-BRD?7 in BC cells. B Co-localiza-
tion of TRIM28 and BRD7 was performed by immunofluorescence
analysis. Endogenous TRIM28 and BRD7 were stained by anti-
TRIM28 (red) and anti-BRD7 (green) antibodies. ImageJ was used
to quantitatively analyze the co-localization of TRIM28 and BRD7
in breast cancer cells. Scale bar, 10 um. C Western blotting analysis
of TRIM28 and BRD7 in MDA-MB-231 and MCF7 cells transfected
with siTRIM28#1, siTRIM28#2, or control siRNA. Equal loading
is confirmed by GAPDH levels. D MDA-MB-231 and MCF7 cells
transfected with siTRIM28 or control siRNA were treated with cyclo-
heximide (CHX) (50nM) for 0, 1, 2, 4 h, the expression of TRIM28
and BRD7 were detected by western blotting. The line chart was fur-
ther quantitatively analyzed BRD7 expression. E Western blotting
analysis of TRIM28, BRD7 and GAPDH in TRIM28 overexpressed
MDA-MB-231 and MCF7 cells treated with or without MG132 (20
uM) for 4 h. F MCF7 cells transfected with Flag-TRIM28 or Flag-
TRIM28 ARING were treated with cycloheximide (CHX) (50nM) for
0, 1, 2, 4 h, the expression of TRIM28 and BRD7 were detected by
western blotting. The line chart was further quantitatively analyzed
BRD7 expression

MDA-MB-231 cells. Additionally, the effect of TRIM28
knockdown on cell cycle progression was determined by
flow cytometry assay. As a result, compared with the nega-
tive control, TRIM28 knockdown reduced the cell popula-
tion in G2/M phase in both MDA-MB-231 and MCF7 cells
(Fig. S3B). In addition, Transwell assays and wound healing
assays demonstrated that the downregulation of TRIM28
remarkably suppressed the invasive and migratory capaci-
ties of MDA-MB-231 and MCF7 cells (Fig. 4D, E).

Correspondingly, we further explored the effect of
TRIM28 overexpression on the tumor progression of BC.
TRIM28-overexpressing BC cell lines were constructed
by using MDA-MB-231 and MCF7 cell lines, and west-
ern blotting assays indicated that TRIM28 was success-
fully upregulated (Fig. 5A). Accordingly, upregulation of
TRIM28 promoted BC cell proliferation and colony forma-
tion as determined by CCK-8 and colony formation assays
(Fig. 5B, C). Moreover, TRIM28 overexpression promoted
the invasion and migration of BC cells (Fig. 5D, E). There-
fore, these results demonstrated that TRIM28 acts as a
potential oncogene to promote the proliferation, migration
and invasion of breast cancer cells.

3.4 Restoring the expression of BRD7 abrogates
the promoting effect of TRIM28 on the malignant
phenotype of BC cells

As BRD7 has been previously reported as a tumor suppressor
that inhibits cell proliferation, invasion, tumor growth and
metastasis in breast cancer [9, 32], while we demonstrated
that TRIM28 exerts an oncogenic role in BC and promotes
the degradation of BRD7 protein, we sought to determine
whether BRD7 was required for TRIM28-mediated tumor

oncogenic roles in BC. First, we restored BRD7 expression
in TRIM28-silenced BC cells and then examined the effects
of BRD7 restoration on TRIM28 knockdown-mediated
tumor inhibitory function. Western blotting assays showed
that TRIM28 was effectively knocked down and that BRD7
was successfully restored (Fig. 6A). Next, CCK-8, colony
formation, Transwell, and wound healing assays were per-
formed to investigate the effects of BRD7 on TRIM28-medi-
ated BC cell malignant progression. The results showed that
knockdown of TRIM28 inhibited the proliferation, invasion
and migration of BC cells, which was consistent with the
above results, while the restoration of BRD7 rescued the
oncogenic phenotypes of TRIM28 (Fig. 6B-E). Further-
more, a flow cytometry assay was performed to explore the
roles of BRD7 in TRIM28-mediated apoptosis and cell cycle
progression in BC, and the results showed that knockdown
of TRIM28 arrested the cell cycle in G2/M and promoted
apoptosis, whereas these phenotypes were reversed when
BRD7 was restored (Fig. S4A, B). To further investigate
the molecular mechanisms of BRD7 in TRIM28-mediated
malignant progression, we detected the expression of cell
cycle-, apoptosis- and epithelial-mesenchymal transition
(EMT)-related molecules by western blotting assays. As a
result, the downregulation of TRIM28 reduced the expres-
sion of the cell cycle marker Cyclin Dependent Kinase 4
(CDK4) and the mesenchymal molecular markers Vimen-
tin and Snail and increased the expression of the apoptosis
marker cleaved-PARP and the epithelial molecular mark-
ers Zona Occludens 1(ZO-1) and E-cadherin, whereas the
expression levels of these cell proliferation-, apoptosis-
and EMT-related markers were significantly reversed after
BRD7 restoration (Fig. 6F).

Consistently, we also restored BRD7 expression in
TRIM28-overexpressing MDA-MB-231 cells. As shown
in Fig. 7A, TRIM28 was successfully overexpressed, and
BRD7 was restored. Overexpression of TIRM28 signifi-
cantly enhanced cell proliferation in MDA-MB-231 cells,
as determined by CCK-8 and colony formation assays,
while BRD7 overexpression rescued the promoting effect of
TRIM28 on BC cell proliferation (Fig. 7B, C). We also con-
ducted Transwell invasion assays and wound healing assays
to determine the function of BRD7 in TRIM28-dependent
invasion and migration. The results showed that overexpres-
sion of BRD7 rescued the promoting effect of TRIM28 on
cell invasion and migration in MDA-MB-231 cells (Fig. 7D,
E). In addition, western blotting assays were performed to
detect the expression of apoptosis-, cell cycle- and EMT-
related molecules. As expected, upregulation of Vimentin,
Snail and CDK4 and downregulation of ZO-1, E-cadherin
and cleaved-PARP were found in TRIM28-overexpressing
MDA-MB-231 cells, while the expression levels of these
molecules were reversed by BRD7 overexpression (Fig. 7F).
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Fig. 3 TRIM28 mediates BRD7 ubiquitination at lysine 21 in BC
cells. A MDA-MB-231 and MCF7 cells transfected with HA-Ub and
siTRIM28#1, siTRIM28#2 or control siRNA treated with MG132 (20
uM) for 4 h, the level of ubiquitin conjugates of BRD7 was detected
by western blotting assay. B The MCF7 cells were co-transfected with
TRIM28, Ub-K48, and Ub-K63 plasmids, then the cells lysates were
pulled down with BRD7 antibodies and analyzed by western blotting.
C Evaluation of BRD7 ubiquitination in MCF7 cells co-transfected
with Flag-TRIM28 or Flag-TRIM28 ARING, HA-BRD7 and HA-Ub.
D Schemes of BRD7 deletion mutants. E Schemes of TRIM28 dele-
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tion mutants. F Co-IP using anti-Flag antibodies in MCF7 cells co-
transfected with HA-BRD7 deletion mutants and Flag-TRIM28 and
western blotting analysis of HA and Flag. G Co-IP using anti-HA
antibodies in MCF7 cells co-transfected with Flag-TRIM28 deletion
mutants and HA-BRD7 and western blotting analysis of HA and Flag.
H The ubiquitination sites of N-terminal of BRD7 were predicted by
UBPRED (http://ubpred.org/). I MCFE7 cells were co-transfected with
the lysine mutant HA-BRD7, Flag-TRIM28 and HA-Ub, then Co-IP
using anti-BRD7 antibodies and analyzed by western blotting
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healing analysis of cell migration in MDA-MB-231 and MCF7 cells
with transfection of TRIM28 siRNAs or siNC. E Transwell invasion
assay of cell invasive capabilities was performed in MDA-MB-231
and MCF7 cells transfected with control siRNA and TRIM28 siR-
NAs. Data are shown as the mean=+ SD of at least three independent
experiments, and the significant level was identified by *P<0.05,
**P<0.01, and ***P <0.001
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Fig. 5 TRIM28 overexpression promotes BC progression in vitro. A
Western blotting assay of TRIM28 overexpression in MDA-MB-231
and MCF7 cells. B CCK-8 assays in MDA-MB-231 and MCF7 cells
transfected with vector or TRIM28 plasmid. C Colony forming assay
was performed in BC cells after TRIM28 overexpression. D Scratch
wound healing analysis of cell migration in BC cells with transfec-
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tion of vector or TRIM28 plasmid. E Representative images of tran-
swell invasion assay using MDA-MB-231 and MCF7 cells transfected
with vector or TRIM28. Quantification of transwell invasion assay is
shown. Data are shown as the mean+SD of at least three indepen-
dent experiments, and the significant level was identified by *P <0.05,
**P<0.01, and ***P<0.001
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Fig. 6 Restoring the expression of BRD7 eliminated the inhibitory
effect of silent expression of TRIM28 on cell proliferation, migration,
invasion and epithelial-mesenchymal transition process. A Western
blotting analysis indicated the protein level of TRIM28 and BRD7 in
MDA-MB-231 and MCF7 cells co-transfected with siTRIM28 and
siBRD7. Equal loading is confirmed by GAPDH levels. B CCK-8
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or negative control. C Colony forming assay of cell proliferation in
MDA-MB-231 and MCF7 cells with TRIM28 knockdown, TRIM28
and BRD7 simultaneous knockdown or negative control. D Represen-
tative images of wound healing assay using MDA-MB-231 and MCF7
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cells with TRIM28 knockdown, TRIM28 and BRD7 simultaneous
knockdown or negative control. E Transwell invasion assay of cell
invasive capabilities was performed in MDA-MB-231 and MCF7 cells
with TRIM28 knockdown, TRIM28 and BRD7 simultaneous knock-
down or negative control. F Western blotting analysis of the expres-
sion of TRIM28, BRD7, ZO-1, E-cadherin, Vimentin, Snail, t-PARP,
c-PARP and CDK4 in MDA-MB-231 and MCF7 cells with TRIM28
knockdown and BRD7 restoration. Equal loading is confirmed by
GAPDH levels. Data are shown as the mean+SD of at least three
independent experiments, and the significant level was identified by
*P<0.05, **P<0.01, and ***P<0.001
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{ Fig. 7 Restoring the expression of BRD7 abrogated the promoting
effect of TRIM28 overexpression on cell proliferation, migration,
invasion, and epithelial-mesenchymal transition process. A The MDA-
MB-231 cells were transfected with TRIM28 and BRD7 plasmid, and
the expression of TRIM28 and BRD7 were detected by western blot-
ting. Equal loading is confirmed by GAPDH levels. B Cell prolifera-
tion was performed in MDA-MB-231 through CCK-8 analysis after
TRIM28 overexpression, TRIM28 and BRD7 simultaneous overex-
pression or control group. C Colony forming assay was performed in
TRIM28 overexpression and BRD7 restoration MDA-MB-231 cells.
D Wound healing analysis of cell migration with MDA-MB-231 cells
transfected with TRIM28 or TRIM28 and BRD7 plasmids. E Transwell
invasion assay of cell invasive capabilities was performed in MDA-
MB-231 cells with TRIM28 overexpression, TRIM28 and BRD7 over-
expression or control. F Western blotting analysis of the expression of
TRIM28, BRD7, ZO-1, E-cadherin, Vimentin, Snail, t-PARP, c-PARP
and CDK4 in MDA-MB-231 cells with TRIM28 overexpression and
BRD?7 restoration. Equal loading is confirmed by GAPDH levels. Data
are shown as the mean =+ SD of at least three independent experiments,
and the significant level was identified by *P <0.05, **P<0.01, and
*ax P <0.001

Therefore, these results demonstrated that TRIM28 exerts
an oncogenic role in BC by negatively regulating BRD7
protein stability.

3.5 TRIM28 promotes tumor growth and metastasis
through negative regulation of BRD7 expression in
vivo

Since TRIM28 promotes the malignant progression of
breast cancer by inhibiting the expression of BRD7 in vitro.
Xenograft and metastasis models were further generated in
BALB/c nude mice to investigate whether BRD7 is criti-
cal for the TRIM28-mediated malignant tumor phenotype in
vivo. We first constructed stably-transfected MDA-MB-231
and MCF7 cell lines by using shRNA (Fig. S5). Then, three
different MCF7 cell groups, including the negative control,
TRIM28 knockdown and BRD7 recovery groups, were
used to construct nude mouse xenograft tumor models. As
a result, the volume and weight of tumors in the TRIM28
knockdown group were significantly inhibited compared
with those in the negative control group, while the volume
and weight of tumors were recovered after the expression
of BRD7 was restored, as shown in Fig. 8A—D. Moreover,
immunohistochemistry (IHC) of xenograft tumor tissues
was performed to detect the expression of TRIM28, BRD7,
cleaved-PARP, E-cadherin, Vimentin, Ki67 and CDK4, and
the results showed that TRIM28 was successfully knocked
down and BRD7 was decreased in the TRIM28-knock-
down group, and the expression of BRD7 was success-
fully restored in the BRD7 recovery group. Additionally,
in contrast to the negative control group, upregulation of
cleaved- PARP and E-cadherin expression and reduction
of Vimentin, Ki67 and CDK4 expression were observed in
the TRIM28 knockdown group. As expected, these changes

were markedly reversed after BRD7 restoration (Fig. 8E).
These data clarified that the knockdown of TRIM28 inhibits
the xenograft tumor growth of BC, and this effect is rescued
by BRD7 restoration.

To further evaluate the effects of TRIM28 on tumor
metastasis, BALB/c nude mice were injected with the sta-
bly-transfected MDA-MB-231 cells by tail vein injection.
After five weeks, all mice were sacrificed, and the lung nod-
ules were calculated. We found that TRIM28 knockdown
inhibited the number and size of lung metastasis foci in
breast cancer, and the number and size of lung metastasis
foci were significantly recovered in the group with restored
BRD7 expression (Fig. 8F, G). Overall, these results dem-
onstrate that TRIM28 promotes xenograft tumor growth and
metastasis of breast cancer by negatively regulating BRD7
expression in vivo.

3.6 Expression and clinical correlation of TRIM28
and BRD7 in biopsy tissues of breast cancer at
different stages

To further explore the clinical correlation between TRIM28
and BRD7 in clinical tissue samples, we detected the
expression of TRIM28 and BRD7 in 33 noncancerous
breast samples and 178 BC samples by IHC. The expres-
sion of TRIM28 in BC tissues was significantly higher than
that in breast noncancerous tissues, and its expression in
clinical stages III and IV was significantly higher than that
in stages I and II, suggesting the potential oncogenic activ-
ity of TRIM28 in BC (Fig. 9A-C), while the expression of
BRD7 presented the exact opposite result (Fig. S6A). In
addition, there was a negative correlation between TRIM28
and BRD7 in BC tissues (Pearson correlation coefficient » =
—0.3089, P<0.0001) (Fig. 9D). Next, we explored whether
the higher expression of TRIM28 in BC was related to
poor prognosis. Survival analysis revealed that TRIM28
high expression predicted reduced overall survival times
compared with TRIM28 low, while the patients with low
expression of BRD7 had a longer total survival time (Fig.
S6B). Additionally, the patients with a combination of high
TRIM28 expression and low BRD7 expression had a worse
prognosis (Fig. 9E). Furthermore, we analyzed the correla-
tion between TRIM28 expression and the clinicopathologi-
cal features of BC patients. The results showed that high
TRIM28 expression and high TRIM28 expression com-
bined with low BRD7 expression both correlated with clini-
cal stage, tumor size, lymph node metastasis, and distant
metastasis, whereas no significant correlation was found
with age (Table 2). Collectively, these findings indicate that
TRIM28 is negatively correlated with BRD7 and that high
TRIM28 combined with low BRD7 may be a predictor for
diagnosis and prognosis in BC patients.
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4 Discussion

BRD7 was confirmed to be a critical tumor suppressor and
is expressed at low levels in a variety of tumors, and epigen-
etic modifications, transcriptional regulation, and posttrans-
lational modifications were confirmed to be involved in the
regulation of BRD7 expression. For example, hypermeth-
ylation of the BRD7 promoter results in low expression of
BRD?7 in nasopharyngeal carcinoma and highly differenti-
ated oral squamous cell carcinoma [33, 34]. C-Myc could
bind to the BRD7 promoter and negatively regulate BRD7
promoter activity and mRNA expression [35]. In addition,
the SUMO modification of BRD7 in osteosarcoma cells
plays an important role in DNA damage repair [17]. In our
previous study, BRD7 was identified to inhibit cell prolif-
eration, migration, invasion, EMT and in vivo xenograft
tumor growth and metastasis, thus exerting a tumor sup-
pressor role in breast cancer by regulating the expression
of its target genes P53 and Y-box binding protein 1 (YB1)
[9, 29, 32], whereas the upstream regulatory mechanism of
low BRD7 expression in breast cancer remains unclear and
needs to be further elucidated.

In the current study, we found that the protein level of
BRD7 was lower in breast cancer tissues than in precancer-
ous tissues. As few studies have reported on the regulation
of BRD7 protein levels in breast cancer, we investigated
the potential mechanism resulting in the low expression of
BRD?7 at the posttranslational level. In this study, BRD7
was found to be an unstable protein in breast cancer, and
the ubiquitin—proteasome pathway might be involved in
the regulation of BRD7 protein instability. Therefore, we
screened and identified a potential E3 ubiquitin ligase of
BRD7, TRIM28, which could lead to the ubiquitination and
subsequent proteasomal degradation of BRD7. TRIM28
has been reported to regulate proteasome-mediated protein
stability, thus playing a critical role in tumorigenesis and
tumor progression by functioning as an E3 ubiquitin ligase.
For example, TRIM28 promotes ubiquitination and degra-
dation of Transcription factor enhancer 3 (TFE3) as an E3
ubiquitin ligase, thus playing a critical role in kidney cancer
progression [36]. TRIM28 could combine with Ubiquitin
Conjugating Enzyme E2 S (UBE2S) in the nucleus, and
both together enhance the ubiquitination and degradation of
p27, thus facilitating cell cycle progression and hepatocellu-
lar carcinoma progression [25]. Therefore, our results dem-
onstrated that TRIM28 ubiquitinates and degrades BRD7
proteien depend on its K21 site and highlight a new post-
translational regulatory mechanism of BRD7. In addtion to
directly participating in protein stability regulation through
ubiquitin proteasome pathway as E3 ubiquitin enzyme,
TRIM28 was also reported to participate in protein function
and stability regulation through SUMOlylation pathway

@ Springer

[37, 38]. Therefore, the detailed regulatory mechanism by
which TRIM28 decreases BRD7 protein stability through
the direct ubiquitin-mediated proteasome pathway or indi-
rect SUMOylation still needs to be further clarified.

TRIM28 has been reported to be highly expressed in
many cancers, such as gastric cancer, ovarian cancer, lung
cancer, and cervical cancer, and is related to the malignant
pathological features of tumors [39—42]. In breast cancer,
TRIM28 has been shown to be closely associated with the
proliferation, metastasis and stemness of breast cancer cells
[43-45], whereas the function and mechanism still need to
be further clarified. Consistent with these results, we dem-
onstrated that TRIM28 promotes cell proliferation, migra-
tion, invasion, tumor growth and metastasis as well as the
expression of phenotype-related molecules, suggesting that
TRIM28 exerts an oncogenic role in breast cancer. As BRD7
was identified as a tumor suppressor in breast cancer in our
previous study and TRIM28 negatively regulates protein
stability by the ubiquitin-mediated proteasome pathway,
we tried to clarify the mechanism by which TRIM28 plays
an oncogenic role through the TRIM28/BRD7 axis. As a
result, the restoration of BRD7 expression could reverse the
promoting effect of TRIM28 on the malignant phenotype
of breast cancer cells, suggesting that TRIM28 promotes
tumor progression and metastasis of breast cancer at least
partly by negatively regulating BRD7 protein stability.

In addition to revealing the mechanism of dysregulation
of BRD7 expression at the posttranslational level and the bio-
logical importance of the TRIM28/BRD?7 axis in breast can-
cer, our work indicates the potential of TRIM28 and BRD7
in the clinical prognosis of breast cancer patients. Several
articles have reported that TRIM28 is highly expressed in
a variety of tumors and can be used as a molecular target
for tumor diagnosis and prognosis prediction. For example,
in non-small cell lung cancer, patients with high TRIM28
expression have lower recurrence and survival rates, which
could be a predictor of non-small cell lung cancer (NSCLC)
patient prognosis [46]. In addition, the TRIM28/ Twist Fam-
ily BHLH Transcription Factor 1 (TWISTI) axis could be
a potential therapeutic target for breast cancer [45]. Consis-
tent with these findings, we showed evidence in this study
that TRIM28 was highly expressed in breast cancer biopsy
specimens and that TRIM28 was correlated with poor clini-
cal outcome. Additionally, TRIM28 was negatively corre-
lated with BRD7 expression, and the combination of low
TRIM28 expression and high BRD7 expression was signifi-
cantly associated with a better prognosis. For this reason,
targeting the TRIM28/BRD7 axis might be a novel potential
strategy for the clinical diagnosis and treatment of breast
cancer. For examples, development of small molecule acti-
vators to BRD7, inhibitors to TRIM28 or blocking pep-
tides that inhibit the binding of TRIM28 to BRD7 protein
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Table 2 The association between TRIM28, BRD7 expression and clinicopathologic features of breast cancer

Variables features TRIM28 expression

TRIM28/BRD7 expression

TRIM28" TRIM28H P TRIM28"BRD7" TRIM28'BRD7! P
(C2Y) (87 (54 (57)
Age (Y)
<46 47 (51.65%) 43 (49.43%) 0.7668 27 (50.00%) 28 (49.12%) 0.9264
>46 44 (48.35%) 44 (50.57%) 27 (50.00%) 29 (50.88%)
Stage (n[%])
) 64 (70.33%) 39 (44.83%) 0.0006*** 22 (40.74%) 42 (73.68%) 0.0004***
-1V 27 (29.67%) 48 (55.17%) 32 (59.26%) 15 (26.32%)
Tumor size (n[%])
T1-2 61 (67.03%) 40 (45.98%) 0.0046%* 24 (44.44%) 40 (70.18%) 0.0061%*
T34 30 (32.97%) 47 (54.02%) 30 (55.56%) 17 (29.82%)
N (n[%])
Absent 30 (32.97%) 12 (13.79%) 0.0026%* 6 (11.11%) 17 (29.82%) 0.015%
Present 61 (67.03%) 75 (86.21%) 48 (88.89%) 40 (70.18%)
M (n[%])
Absent 86 (94.51%) 72 (82.76%) 0.0131* 44 (81.48%) 55 (96.49%) 0.0109*
Present 5 (5.49%) 15 (17.24%) 10 (18.52%) 2 (3.51%)

“In 178 patients, the median of TRIM28 expression or BRD7 expression were used as the cutoff value

%Y Year, TNM Tumor-node-metastases, H High expression, L Low expression, P P values of two-sided y2 test, % The ratio of the number of
samples to the total number of samples per column, *P <0.05, **P <0.01, ***P <0.001

could theoretically exert antitumor effects in breast cancer
and thus it could be used as the drug discovery of breast
cancer. Therefore, the TRIM28/BRD7 axis can be used as
a potential target to guide the early diagnosis and treatment
of breast cancer patients, providing a promising strategy for
improving their prognosis.

5 Conclusions

In summary, our work reveals the mechanism of posttrans-
lational modification of BRD7 in breast cancer for the first
time. We demonstrated that TRIM28 destabilized the BRD7
protein by ubiquitylating and degrading BRD7 depend on
K21 site to promote breast cancer progression in vitro and in
vivo. Moreover, the high expression of TRIM28 was posi-
tively correlated with poor survival, higher TMN stage, and
metastasis in breast cancer patients. Therefore, the TRIM28/
BRD?7 axis plays a critical role in oncogenesis and tumor
progression of breast cancer, and targeting the TRIM28/
BRD7 axis might be a novel strategy for the diagnosis and
treatment of breast cancer (Fig. 9F).
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