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1 | INTRODUCTION

| Xiaobo Wang® | Shouman Wang? | Zihua Chen*® | Jianing Tang'®

Abstract

Breast cancer is a major cause of cancer-related morbidity and mortality in women.
Estrogen receptor-positive breast cancer accounts for roughly 70%-80% of breast
tumors, and estrogen receptor alpha (ERa) has been considered as a key driver in
promoting breast cancer progression. In the present study, we identified USP37 as
a novel modulator in modulating ERa ubiquitination and stability. The expression of
USP37 was upregulated in ERa-positive breast cancer and correlated with ERa protein
level. High expression of USP37 was associated with unfavorable prognosis. USP37
depletion resulted in significantly decreased ERa protein level, ERa target genes
expression as well as the estrogen response element activity in breast cancer cells.
Further mechanistic study revealed the interaction between USP37 and ERa: USP37
regulated ERa signaling through modulating protein stability instead of gene expres-
sion, in which it stabilized ERa protein via inhibiting the K48-specific polyubiquitina-
tion process. Additionally, USP37 depletion led to growth inhibition and cell cycle
arrest of ERa-positive breast cancer cells, which could be further rescued by ERx
overexpression. Overall, our study proposed a novel post-translational mechanism of
ERa in promoting breast cancer progression. Targeting USP37 may be proved to be a

promising strategy for patients with ERa-positive breast cancer.
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to its high heterogeneity, breast cancer could be classified into

Breast cancer is the top leading cause of cancer-related death
among women and the fourth leading cause of cancer-related
disability-adjusted life years for both sexes combined gIobaIIy.l'2

The incidence has continued to rise over the past decades.>* Due

at least three subtypes: estrogen receptor (ER)-/progesterone
receptor (PR)-positive, human epidermal growth factor receptor
type-2 (HER2)-enriched, and triple-negative breast cancer. More
than two thirds of all diagnosed breast cancers express estro-

gen receptor a (ERa) and thereby depend on estrogen for cellular
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transition; ER, estrogen receptor; ERE, estrogen response elements; ERa, estrogen receptor o; HER2, human epidermal growth factor receptor type-2; JAMM, JAB1/MPN/MOV34
family; LBD, ligand-binding domain; MINDY, motif interacting with ubiquitin-containing novel DUB family; OS, overall survival; OUT, ovarian tumor proteases; PR, progesterone
receptor; SMURF1, SMAD-specific E3 ubiquitin protein ligase 1; UCH, COOH-terminal hydrolases; UPS, ubiquitin proteasome system; USPs, ubiquitin-specific proteases.
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growth and survival.’ The treatment response and clinical out-
come varies among different molecular subtypes of breast cancer.
The ER-positive subtype, also known as luminal subtype, responds
sensitively to endocrine therapy, which is associated with better
prognosis, while triple-negative breast cancer is followed by a
worse prognosis.’

Estrogen receptor a is a steroid hormone receptor and a typical
estrogen ligand-dependent transcription factor driving tumorigene-
sisin hormone-dependent cancers. Itis composed of three functional
domains: transactivation domains AF-1 and AF-2, DNA-binding do-
main (DBD) and ligand-binding domain (LBD). After being activated
by the binding of the 17 beta estradiol hormone (E2) through the
LBD, ERa undergoes a conformational alteration to form homodi-
mers and translocates from the cytosol to the nucleus. There, ERa
recognizes the estrogen-responsive element (ERE) in the promoter
regions of its targeted genes and recruits numerous coactivators to
its DBD and LBD.”?

ERa is one of the most important breast cancer diagnostic and
prognostic biomarkers, playing a crucial role in regulating the growth
of breast cancer.'®!! Overexpression of ER« increases the levels of
several oncogenic proteins, including cyclin D1 and c-Myc, which are
essential for cell cycle progression by accelerating the G1/S phase
transition of breast cancer cells.*? Clinically, ERa-positive breast can-
cers are considered to have a better prognosis and sensitive response
to endocrine therapy such as tamoxifen and aromatase inhibitor ad-
minstration.!® Tamoxifen is a widely used antiestrogen reagent in the
treatment of patients with ERa-positive breast cancer, and has been
demonstrated to contribute to significant improvements in clinical
outcome. ' Targeting ERx or ERa-mediated pathways precisely has
been an effective strategy in ERa-positive breast cancer treatment
as well as prevention.'®

Recent studies have illustrated the significance of the post-
translational modifications in regulating ERa protein activity or sta-
bility, such as phosphorylation, ubiquitination, and SUMOyIation.18
The ubiquitin proteasome system (UPS) is a key regulator for main-
taining protein stability and cell function and is responsible for ap-
proximately 80%-90% of cellular proteolysis.'? Several E3 ligases,
including MDM2, CHIP, BARD1, SKP2, BRCA1, and E6AP, could
increase polyubiquitin binding to lysine residues of ERa and induce
proteasome-mediated degradation.m’25 Contrarily, the RNF31,
SHAPRIN, TRIM11, and RNF8, though belonging to E3 ligases as
well, are reported to enhance ERa stability and promote breast
cancer proliferation via inducing its monoubiquitination.?6-?? K63-
linked ubiquitination on ERa protein mediated by TRIM56 also en-
hances ERa stability.30

Further, the ubiquitin process can be counteracted by the
deubiquitinating enzymes (DUBs), which are involved in regulat-
ing various cell activities, including stress response, DNA repair,
gene transcription, cell cycle, cell differentiation, and apopto-
sis. The DUBs involved in the human genome can be categorized
into the following six families: ubiquitin-specific proteases (USPs),
ovarian tumor proteases (OTU), COOH-terminal hydrolases (UCH),
the JAB1/MPN/MOV34 family (JAMM), Josephins, and motif

interacting with ubiquitin-containing novel DUB family (MINDY).3!

Previous studies demonstrated that USP7 could remove the
K48-ubiquitin chain from ER«, leading to inhibited proteasome-
mediated ERa degradation.® OTUD7B and MINDY1 could promote
breast cancer proliferation by stabilizing ER«x in a deubiquitylation
activity-dependent manner.2334 However, further research is still
required to explore the exact mechanisms underlying ERa dysfunc-
tion in breast cancer.

In the study, we explored the oncogenic role of ubiquitin spe-
cific peptidase (USP37) in promoting Era-positive breast cancer
progression. USP37 was shown to interact with ERa protein and to
enhance the stability of ERa via removing its K48-linked ubiquitin
chain. As ERa signaling is essential for the proliferation and invasion
of ERa-positive breast tumors, targeting USP37 could be a promising
therapeutic strategy for the treatment of patients with ERa-positive

breast cancer.

2 | MATERIALS AND METHODS

2.1 | Cellculture

Human ERa-positive breast cancer cell lines MCF-7 and T47D
and human embryonic kidney cell line HEK293T were obtained
from the American Type Culture Collection (ATCC). MCF-7 and
HEK293T were cultured with Dulbecco's Modified Eagle's Medium
(DMEM, 41965, Life Technologies) supplemented with 10% fetal
bovine serum (FBS, 10270, Life Technologies). T47D cells were
maintained with RPMI-1640 (Gibco) supplemented with 10% FBS.
All cells were incubated at 37°C in a humidified environment with
5% CO,.

2.2 | Plasmids, lentiviral construction, and
RNA inference

The small interfering RNA (siRNA) library of DUBs, the Human ON-
TARGETplus Deubiquitinating Enzyme siRNA library (set of four siR-
NAs), was obtained from Dharmacon™. This library targets members
of the DUBs group which remove ubiquitin. The library covers 98
deubiquitinating enzymes.

The ERa and USP37 plasmids
Hanbio Biotechnology Co., Ltd.
siRNA used for knocking down the expression of USP37(5'-
CAAAAGAGCUACCGAGUUA-3', 5- CCAAGGAUAUUUCAGCU
AA-3') were obtained from Ruibo Biotechnology Co., Ltd. The HA-
K48 and HA-K63 Ubi plasmids were obtained from Addgene and
applied into the experiment as described in a previous paper.®®
The pRL-TK control and the ERE-TK-luc reporter were gifted by Dr.

Wu and described in a previous study.®® For transient transfection

were obtained from

Lentiviral plasmids and

of plasmids or siRNAs, respectively, cells at ~60% confluence were
transfected with Lipofectamine 2000 (1662298, Invitrogen) for
plasmid or Lipofectamine RNAIMAX (13778100, Invitrogen) for
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siRNA. For stable cell line construction, cells were selected with
1 ug/ml puromycin for 1 week after being infected with shControl

virus or shUSP37 virus.

2.3 | RNA extraction and gPCR analysis

Total RNA was extracted using RNeasy plus mini kits (74134, Qiagen)
according to the manufacturer's instructions. RNA reverse transcrip-
tion to cDNA synthesis was carried out using a reverse transcrip-
tion kit (Vazyme). RNA expression was determined by quantitative
real-time PCR (qRT-PCR) with the CFX96TM real-time PCR detec-
tion system (Bio-Rad) normalized to GAPDH. All assays were per-
formed in biological triplicates. Primers used in the study are listed
as follows: GAPDH (forward: 5'- ACGGGAAGCTTGTCATCAAT-3/,
reverse: 5'- TGGACTCCACGACGTACTCA-3'); GREB1 (forward:
5'- GGGATCTTGTGAGTAGCACTGT-3'; reverse: 5'- AATCGGTC
CACCAATCCCAC-3'); PDZK1 (forward: 5- GCCAGGCTCATTCAT
CAAAGA-3'; reverse: 5- CCTCTAGCCCAGCCAAGTCA-3'); PS2
(forward: 5- GTCCCTCCAGAAGAGGAGTG-3'; reverse: 5- AGC
CGAGCTCTGGGACTAAT-3').

2.4 | Cell proliferation analysis

The cell proliferation assay was performed with cell-counting kit-8
(CCKB8) and ethynyl-deoxyuridine (EdU) staining assay as previously
described.®® Briefly, 50nM siUSP37 or siControl were transfected
into MCF-7 and T47D cells in six-well plates; 24 hours later, cell num-
ber was measured, and 3000 cells were seeded into 96-well plates.
Then, 10 ul CCK8 solution was added into the culture medium (10 ul
CCK8 to 100ul medium), and relative cell viability was detected
with a microplate reader at 490nm wavelength per 24 hours. EdU
cell proliferation assay kit (Ribobio) was used to perform the EdU
labeling assay according to the manufacturer's protocol, and images
were captured with Leica microsystem.

2.5 | Clone formation assay

MCEF-7 and T47D cells were transfected with siUSP37 or siControl
for 24 hours and were further plated at a density of 1000 cells per
well into six-well plates for clone formation assay. After further cul-
tivation for 2weeks, cell clones were fixed by 4% formaldehyde for

15 minutes and stained with crystal violet for 30 minutes.

2.6 | Flow cytometry analysis

MCF-7 and T47D cells were transfected with siUSP37 or siCon-
trol for 48hours and further collected and washed with cold PBS.
Afterwards, cell cycle distribution was analyzed using a cell cycle

analysis kit (Beyotime) and detected by flow cytometry analysis

(Beckman).

2.7 | Animal experiments

MCEF-7 cells stably expressing shControl or shUSP37 were selected
with 1pg/ml puromycin for 1week. At the age of 4weeks, female
BALB/c nude mice (obtained from Vital River) were administered with
slow-release 17p-estradiol pellets (0.72mg/90-day release). After
1week, 2x10% MCF-7 cells suspended in 10ul serum-free medium
were injected into the fourth mammary fat pad of mice. The tumor
size was monitored regularly using vernier calipers every 5days till the
end point of the experiment. All animal procedures were approved by

the Ethics Committee at Xiangya Hospital Central South University.

2.8 | Coimmunoprecipitation assay

For coimmunoprecipitation assay, the indicated cells were harvested
and lysed with NP-40 lysis buffer. The cell lysates were incubated at
4°C overnight with the indicated antibodies, followed by incubation
with protein A/G PLUS-Agarose beads (Santa Cruz) for 2hours. The
immune complexes were separated by immunoblotting.

2.9 | Invitro deubiquitination assay

His-ERa was coexpressed with HA-ubiquitin in HEK293T cells and
purified using anti-His antibody under denaturing conditions. The
purified ERa was further incubated with bacterially purified GST,
GST-USP37 and GST-USP37C350A. Deubiquitination was analyzed
by immunoblotting using anti-HA antibody.

2.10 | Immunoblotting analysis

Cell pellets were harvested and then lysed using RIPA extraction
reagent (Meilun) supplemented with protease inhibitors (Beyotime).
The BCA kit (Beyotime) was applied to detect the protein concen-
tration. Afterward, proteins were separated on 10% SDS-PAGE by
electrophoresis and electro-transferred to 0.45um PVDF mem-
brane (Millipore). Antibodies used in this study were ERa (Invitrogen,
MA5-13304), HA (Proteintech, 51064-2-AP), Myc (Proteintech,
60003-2-1g), USP37 (Proteintech, 18465-1-AP), GST (Proteintech,
66001-2-1g), and GAPDH (Proteintech, 60004-1-1g) antibodies.

2.11 | Statistical analysis

The quantified data are presented as mean+standard deviation
(mean+SD). Student's t test and one-way ANOVA were used to
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evaluate the differences between two or more groups. Multiple
comparisons with Bonferroni correction were performed. The dif-
ference was statistically significant with p<0.05, and all tests were
two-sided. All statistical data analyses were performed using Prism
version 8.0 (GraphPad).

3 | RESULTS
3.1 | Depletion of USP37 inhibits ERx signaling
pathway activity

First, we used the human DUBs siRNA library to identify DUBs asso-
ciated with the stability of ERa in ERa-positive breast cancer cells. A
pool of four nonoverlapping siRNA oligos targeting each DUB were
transfected into MCF-7 cells. Immunoblotting results indicated that
the expression of ERa dramatically decreased by knocking down
USP37 (Figure 1A). We further silenced USP37 with two independ-
ent siRNAs in MCF-7 and T47D cells, respectively, and observed
downregulation of ERa protein level upon the depletion of USP37.
However, no obvious alteration in the mRNA level of ERax was ob-
served after USP37 depletion (Figure 1B,C). We then used gPCR
to examine Era-targeted genes and found that the consumption
of USP37 markedly suppressed the transcription levels of PDZK1,
GREB1, and PS2 in both cell lines (Figure 1D,E). Moreover, we fur-
ther detected ERa transcriptional activity after USP37 depletion
with luciferase assay, which showed inhibited activity of the ERa-

luciferase reporter gene in MCF-7 and T47D cell lines (Figure 1F,G).

Taken together, it was suggested that USP37 acted as a potential
regulator of the ERa signaling pathway.

3.2 | USP37 is associated with unfavorable clinical
outcome and correlates with ERa protein levels in
human breast cancer

In order to identify the gene expression of USP37 in human breast
cancer samples, we applied the statistical mining application of the
bc-GenExMiner database®® (http://bcgenex.centregauducheau.fr/
BC-GEM/GEM-Accueil.php?js=1). We observed that USP37 was up-
regulated in human breast cancer, especially in the ERa-positive sub-
type (Figure 2A-D). Through the analysis by the online tool KMplot
with access to a public clinical breast cancer corhort®® (http://
kmplot.com/analysis/), we found that USP37 expression level was
negatively associated with relapse-free survival, but not overall sur-
vival (OS) (Figure 2E,F). As USP37 was upregulated in ERa-positive
breast cancer patients, we assessed the prognostic value of USP37
in ER-positive breast cancer. Consistently, high expression of USP37
indicated poor clinical outcomes for patients with ER-positive breast
cancer (Figure 2G). Moreover, the expression of USP37 was also as-
sociated with poor response to endocrine treatment (Figure 2H).
In order to figure out the relationships between USP37 and ER«x
protein levels, we applied tissue microarrays (TMA) and performed
immunohistochemistry (IHC) analysis. A positive correlation be-
tween USP37 and ERa staining was observed. (Figure 3A). Further
analysis from public breast cancer database also showed positive

(A) (B) MCF-7 T47D (c) MCF-7 T47D
g 5 @ SiControl s § g > § % 5 _5
2 N S © o g ©® o 7} @
8 % % E% ﬁ ¢ o siUsP7 g g e g 810 - T g 10 T L
g 1oif ls %3 s 5 3 s 3 3 - &
z } % i % D DD 2R 3 H
] ) ¢ ERC [ e o ERa EI g g
& 0 % & o5 cé 05
g 05 J USP37 | e USP37 |4 e = ° °
= >
3 = E=]
2 GAPDH IE GAPDH [ a | 5 5
[ e A S x 0.0 © 0.0
N N
& o P & & P
& & & & & &
& > & & & &
(D) NCF-7 (E) 147D (F) MCF-7 (G) T47D
€ ) s 10 210 >10
$ wm SiControl 2 w= SiControl 2 =
8 = SiUSP3T#1 H = SiUSP37#1 ] 3
g = SiUSP3T#2 g == SiUSP37#2 8 g
é % 05 & 05 805
5
£ £ 2 L T 3 T T
5 5 s k]
[ D Q [
© © 0.0 ¥ 0.0 X 0.0
PS2 PDZK1 GREB1 PS2 GREB1 > & & > & &
PDZK1 & q‘i\% q‘f‘\% & Qﬂs\% Q,;\%
F &S & 8P 5
S & & > & &

FIGURE 1 USP37 depletion decreases ERa signaling activity in breast cancer cells. A, The siRNAs specific to each deubiquitinating
enzyme were transfected into MCF-7 cells. After 48h, cells were lysed and the ERx protein level was analyzed by Western blot. Relative
ERa protein level was normalized to GAPDH. B, USP37 depletion downregulated ERa protein level. C, USP37 depletion did not affect ERa
mRNA level. D, E, USP37 depletion decreased ERa target genes. Total RNA was prepared, and the expression of the endogenous ERa target
genes, PS2, GREB1, and PDZK1, were determined by qRT-PCR. F, G, USP37 depletion affected ERE-luciferase activity. Breast cancer cells
were transfected with siUSP37 or siControl together with ERE luciferase reporter plasmid. Luciferase activity was measured 48 h after
transfection. The experiment was independently repeated three times with three replicates. *p <0.05; **p <0.01; ***p <0.001.
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FIGURE 2 USP37 is overexpressed in breast cancer and correlates with poor prognosis. A-D, Expression of USP37 in breast cancer. All
data are available at bc-GenExMiner v4.5(http://bcgenex.centregauducheau.fr/BC-GEM/GEM-Accueil.php?js=1). E, Kaplan-Meier curves of
the overall survival between USP37-high and USP37-low breast cancer patients. F, Kaplan-Meier curves of the relapse-free survival between
USP37-high and USP37-low breast cancer patients. G, Kaplan-Meier curves of the relapse-free survival between USP37-high and USP37-
low ER-positive breast cancer patients. H, Kaplan-Meier curves of the relapse-free survival from patients receiving endocrine therapy.

correlation between the expression of USP37 and ER« (Figure 3B,C).
Additionally, USP37 expression level was unraveled to be positively
associated with lymph node status and tumor size in clinical patients
(Figure 3C). These results suggested that USP37 may serve as a diag-
nostic and prognostic biomarker in patients with ER-positive breast

cancer.
3.3 | USP37 interacts with ERax and enhances
its stability

Immunostaining analysis demonstrated that in MCF-7 and T47D
cells, ERa distributed mainly in the nucleus with less distribution
in the cytosol, while USP37 was expressed both in cytosol and nu-
cleus in our study. These two proteins presented clear colocalization
mainly in the nucleus. (Figure 4A). Endogenous coimmunoprecipita-
tion assay in MCF7 cells showed that USP37 could be coimmuno-
precipitated with ERa under normal medium conditions (Figure 4B).
To further interrogate the possibility that ERa might act as a sub-
strate of USP37, we evaluated the possible deubiquitylation of ERa
by USP37. We observed that deletion of USP37 remarkably reduced
ERa expression. The decreased protein level of ERa could be re-
versed by the administration of the proteasome inhibitor MG132
(Figure 4C). As expected, ectopic expression of wild-type USP37,
but not the catalytically inactive mutant C350A, could also rescue
the ERa expression (Figure 4D). Further treatment with the protein
synthesis inhibitor cycloheximide (CHX) has also proved that USP37
affected ERa stability. As shown in Figure 4E, the half-life of ER«a

was apparently decreased after knocking down USP37 in MCF-7
cells, while the half-life of ERa was prolonged once wild type USP37
was overexpressed in HEK293T cells. Besides, such prolonged
half-life could not be detected with overexpression of USP37°3504

(Figure 4F).

3.4 | USP37 deubiquitylates ERx

As USP37 is a member of DUBs belonging to the USP family, we
speculated on the deubiquitination-based function of USP37 on
ERa. Ubiquitin-based immunoprecipitation assay indicated that
USP37 deletion remarkably promoted the level of polyubiquitinated
ERa protein in MCF7 cells (Figure 5A). Conversely, it was observed
that ectopic expression of the wild-type USP37 apparently reduced
ERa ubiquitylation in cells, while the catalytically inactive mutant
USP37 %% had no such effect (Figure 5B). Moreover, we found
that overexpression of USP37 decreased the ubiquitin chain of ERa
in a dose-dependent manner (Figure 5C). As K48- and K63-linked
ubiquitination are two common ubiquitination manners of ERa pro-
tein, we then performed a ubiquitin immunoblotting assay using
HEK293T cells transfected with Myc-USP37/Flag-ERa/HA-K48 or
HA-K63 plasmids for 48hours. It was illustrated that USP37 effi-
ciently eliminated the K48-linked ubiquitin chain from ERa, while
the K63-linked ubiquitin chain on ERa was not affected by USP37
(Figure 5D,E). Further in vitro deubiquitination assay confirmed that
the catalytical activity of USP37 indeed stabilized ERa via remov-
ing its ubiquitin chains (Figure S1F). These results demonstrated that
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FIGURE 3 USP37 correlates with ERa protein levels and poor prognosis in human breast cancer samples. A, The representative
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and USP37 (China) were used. B, Positive correlation between ERx and USP37 was yielded among human breast cancer samples. C, The
expression of USP37 was positively associated with ERa status, lymph node status, and tumor size in clinical breast cancer database.

USP37, serving as a potential DUB, de-polyubiquitylated and stabi-
lized ERa via removing the K48-linked ubiquitination.

3.5 | USP37 promotes cell proliferation
through ERx

With the intention to determine the potential influence of USP37 on
ER-positive breast cancer, we knocked down USP37 in MCF7 and
T47D cells. CCK8 assay revealed that USP37 ablation remarkably
restrained the proliferation of MCF-7 and T47D cells. Flow cytom-
etry analysis demonstrated that knocking down USP37 induced G1
phase arrest in MCF-7 and T47D, indicating that USP37 may block
the G1-to-S transition of breast cancer cells (Figure 6A,B). Moreover,
clone formation assay confirmed the pro-proliferative effect of
USP37 (Figure 6C). The effects of USP37 depletion on ERa-negative
cells were also examined in MDA-MB-231 cells. Though slight in-
hibition of cell proliferation was observed, the effects were not as
drastic as in ERa-positive cell lines (Figure S1C-E). These results
suggested that the significant biological effect of USP37 ablation in
ERa-positive cells was mainly attributed to the potential relationship
between USP37 and ERa. EdU is a thymidine analog which could be

incorporated into the newly synthesized DNA strand when DNA is
replicated, and detection of the EdU label could reflect cell prolif-
eration. Consistently, Edu staining assay indicated that downregu-
lation of USP37 inhibited DNA synthesis in MCF-7 and T47D cells
(Figure 6D). To further illustrate the effect of USP37 in breast can-
cer tumorigenesis in vivo, xenograft mice models were constructed
by injecting MCF-7 cells into the fourth mammary fat pad of female
BALB/c nude mice. Our data demonstrated that depletion of USP37
by lentivirus-based shRNA dramatically decreased the growth of
breast tumor in vivo (Figure 6F). ERa expression change upon USP37
by shRNA was confirmed (Figure S1A).

To assess whether USP37 regulates breast cancer cell prolifer-
ation by stabilizing ERa, rescue assay by ectopic expression of Era
was carried out in MCF-7 cells transfected with siUSP37. CCK8
assay demonstrated that the extent of suppressed growth of USP37
was remarkably reversed by upregulated Era expression in MCF-7
cells (Figure 7A). Similarly, the clone formation ability and cell cycle
transition of MCF-7 cells were recovered by ectopic expression of
ERa (Figure 7B,C). As expected, Edu staining assay also showed
that ERa overexpression reversed the DNA synthesis in MCF-7 cells
transfected with siUSP37 (Figure 7D). Collectively, these rescue ex-
periments verified arguably that ERa overexpression restored the
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FIGURE 4 USP37 associates with ERa and increases ERa stability. A, An immunofluorescence assay demonstrated that USP37 and ERa
at least partially colocalized in MCF7 and T47D cells. Scale bar: 100 um. B, Coimmunoprecipitation (Co-IP) assay revealed an association
between endogenous USP37 and ERx in MCF-7 cells. MCF-7 cells were harvested with RIPA lysis buffer. Co-IP was performed using
antibody as indicated. C, In the presence of the proteasome inhibitor MG132, depletion of USP37 did not further decrease the ERx protein
level. Breast cancer cells were transfected with siUSP37 or siControl. After 48 h, cells were treated with 10pM MG132/vehicle for 6 h.

Cell lysates were prepared for Western blot analysis. D, MCF-7 cells were transfected with USP37 (wild type or C350A) together with
USP37 siRNA. The ERa levels were measured. E, USP37 depletion decreased ERa half-life in breast cancer cells. Breast cancer cells were
transfected with siUSP37 or siControl. After 48h, cells were treated with 100 uM cycloheximide/vehicle for indicated times. Cell lysates
were prepared for Western blot analysis. F, USP37°%°°A did not increase ERa half-life in HEK293 cells. HEK293 cells were transfected with
HA-ER« plasmid and Myc-tag, Myc-USP37 or Myc-USP37C350A plasmids. After 24 h, cells were treated with 100uM cycloheximide/vehicle
for indicated times. Cell lysates were prepared for Western blot analysis. The experiment was independently repeated three times with
three replicates. *p<0.05; **p<0.01; ***p<0.001.
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treatment with 10pM MG132 for 6 h, cell lysates were subjected to ubiquitination assay, and the ubiquitination level of ERax was detected by

HA antibody.

promoted activity of USP37 on breast cancer cell proliferation, sug-
gesting that USP37 promoted ERa-positive breast cancer cell prolif-
eration via stabilizing ERa.

4 | DISCUSSION

Breast cancer has imposed a huge burden on global health due
to its high morbidity and mortality. As is well known, the patho-
genesis of breast cancer is extremely complicated given multiple
endogenous and exogenous factors. ERax and ERa-mediated path-
ways have been recognized to play critical roles in regulating the
pathogenesis of breast cancer. ERa has also been developed into
a therapeutic target for breast cancer. ERa antagonists, such as
tamoxifen and raloxifene, are currently used as first-line adjuvant
treatment for premenopausal patients with ERa-positive breast

IB: Flag E 56KD
Anti-Myc 70KD
GAPDH EI 36KD

tumors in order to inhibit the mitogenic stimulation of estrogens.®’

Integration of ERa antagonists into the treatment has resulted in
robustly improved disease-free and OS for patients with ERa-
positive breast cancers.®

However, due to inherent or acquired endocrine resistance,
over 30% of patients receiving endocrine therapy relapse with re-
sistant disease.? Therefore, endocrine resistance has become a ris-
ing concern in breast cancer therapy,“‘”17 As the understanding of
endocrine resistance mechanism evolves, various mechanisms have
been proposed to explain the acquisition of endocrine resistance.
ERx expression was maintained in most patients with endocrine
resistance, while the subtle manipulations between ubiquitination
and de-ubiquitination of ERa protein remain largely unclear in such
a scenario. DUBs, which decrease the ubiquitination of proteins by
dissociating ubiquitin from the substrates, are involved in the regu-
lation of ER« stability.
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*p<0.05; **p<0.01; ***p<0.001.

USP37, a member of USPs, functions to remove the ubiquitin
conjugates from substrates and protect them from ubiquitylation/
degradation events. A growing number of studies demonstrated that
USP37 could be a potential therapeutic target for cancer. In lung can-
cer, USP37 is reported as a Snail-specific deubiquitinase that pro-
motes lung cancer cell migration.*° In addition, USP37 regulates lung
cancer cell proliferation and the Warburg effect via modulating the
deubiquitination of c—Myc.41 In clear cell renal cell carcinoma (ccRCC),
USP37 interacts with HIF2a and enhances its deubiquitination.
Thereby USP37 increases the protein stability of HIF2« in an enzy-
matically dependent manner, resulting in promoted cell proliferation,
colony formation, and anchorage-independent growth in ccRCC.#?

In breast cancer, USP37 is expressed at a high level in cancer
tissues and cell lines. Based on the analysis of a breast cancer proj-
ect in a TCGA program, high USP37 expression is found to be posi-
tively correlated with tumor growth and metastasis, while negatively

associated with cell apoptosis. USP37 in breast cancer was reported
to increase cell stemness, epithelial-mesenchymal transition (EMT),
and invasion, while to decrease the sensitivity to cisplatin.43

In the current study, we identified USP37 as a novel deubiquiti-
nase responsible for the stabilization of ERa by means of the siRNA
library of human DUBs. Among the DUBs, USP37 exerted a promi-
nent influence on ERa as well as ERa signaling activity. With further
analysis of a public database from bc-GenExMiner, we observed that
USP37 was upregulated in ERa-positive breast cancer. Though some
other research studies had demonstrated that USP37 could regulate
cell growth in both ERa-positive and -negative breast cancer cells,
it could be also implied from their work that ERa-positive cells re-
sponded much more sensitively than ERa-negative cells.*® Our data
also confirmed that cell colony formation and migration were dra-
matically affected upon silencing USP37 in ERa-positive cells, while
such effects remained subtle in ERa-negative cells. We also show
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FIGURE 7 Increased ERx expression reverses the effect of USP37 depletion. A, Cell proliferation assay of MCF-7. B, Cell cycle analysis of

MCEF-7. C, Clone formation assay of MCF-7. D, Representative images of EdU assay of breast cancer cells. The experiment was independently
repeated three times with three replicates. *p <0.05; **p<0.01; ***p <0.001.

that the protein level of ERx was positively correlated with USP37 in
human breast cancer samples. Their colocalization in human breast
cancer tissues also confirm the potential relationship between
USP37 and ERa.

Our study investigated the underlying mechanism of USP37 in
regulating ERax and demonstrated that the protein stability of Era
increased upon ectopic expression of wild-type USP37, but not
the catalytically inactive mutant C350A. Further, we confirmed
that USP37 depletion-induced ERa degradation was dependent
on the UPS, and endogenous USP37 could coimmunoprecipitate
with endogenous ERa under normal conditions. Previous studies
have revealed that K48-linked ubiquitination of ERa induced its
degradation, while Ké63-linked ubiquitination of ERx was associated
with nonproteolytic modification and contrarily stabilized ERa pro-
tein. In the current study, we found that USP37 removed the K48-
linked ubiquitin conjugates from ER«, thus enhancing ERa stability.
Moreover, we demonstrated that the catalytically inactive mutant
of USP37 (C350A) lost the capability to deubiquitylate Era, while
such effect could be rescued by the introduction of exogenous wild-
type ERq, indicating that USP37-induced ERa stability relied on its
catalytical activity.

In previous studies on breast cancer, USP37 was suggested
to regulate breast cancer malignancy via stabilizing the hedgehog
pathway component Gli-1, yet the evidence for the direct regulating

mechanism behind was not strong enough.43 Besides, USP37 was

also demonstrated to deubiquitinate and stabilize BLM, a human
RecQ helicase, further sustaining the DNA damage response (DDR)
and resulting in chemotherapy resistance.**

Our study has presented a novel regulating mechanism of
USP37, especially in the ERa-positive subtype of breast cancer.
Mechanistically, USP37 interacts with ERa and removes the K48-
linked ubiquitin through its catalytical activity, leading to the stabi-
lization of ERa. Collectively, our study explored the oncogenic role
of USP37 in supporting breast cancer progression. These findings
demonstrate that USP37 is an essential regulator of estrogen sig-
naling and that the USP37-ERa axis is a potential target for breast

cancer treatment.
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