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The E3 ubiquitin ligase ring finger protein 115 (RNF115) is overexpressed in more than
half of human breast tumors and is implicated in the pathogenesis and progression of
breast cancer. However, the mechanism behind RNF115 overexpression in breast tu-
mors remains largely unknown. Here we report that ubiquitin-specific protease 9X
(USP9X), a substrate-specific deubiquitinating enzyme, stabilizes RNF115 and thereby
regulates its biological functions in breast cancer cells. Imnmunoprecipitation and GST
pull-down assays showed that USP9X interacted with RNF115. Depletion of RNF115
by siRNAs or overexpression of RNF115 did not significantly affect USP9X expression.
In contrast, knockdown of USP9X in breast cancer cells by siRNAs reduced RNF115
protein abundance, which was partially restored following treatment with proteasome
inhibitor MG-132. Moreover, depletion of USP9X reduced the half-life of RNF115 and
increased its ubiquitination. Conversely, overexpression of USP9X resulted in an ac-
cumulation of RNF115 protein, accompanied by a decrease in its ubiquitination.
RNF115 mRNA levels were unaffected by overexpression or knockdown of USP9X.
Furthermore, USP9X protein expression levels correlated positively with RNF115 in
breast cancer cell lines and breast tumor samples. Importantly, reintroduction of
RNF115 in USP9X-depleted cells partially rescued the reduced proliferation, migra-
tion, and invasion of breast cancer cells by USP9X knockdown. Collectively, these
findings indicate that USP9X is a stabilizer of RNF115 protein and that the USP9X-

RNF115 signaling axis is implicated in the breast cancer malignant phenotype.
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1 | INTRODUCTION

Breast cancer is the most commonly diagnosed cancer and the
leading cause of cancer death among women.! Emerging evi-
dence suggests that dysregulation of the ubiquitin-proteasome
system is intimately implicated in breast cancer pathogenesis
and progression through regulating protein homeostasis, protein-
protein interaction, and signal transduction.?® Specificity within
this system is dictated by E3 ubiquitin ligases, which catalyze the
final step of ubiquitin conjugation by transferring ubiquitin from
ubiquitin-conjugating enzymes to their substrates.* There are 2
major classes of mechanistically distinct E3s, characterized by the
RING (or RING-like) and HECT domains.”> Of these, the majority
are RING finger and RING finger-related E3s.57 Ring finger protein
115, also known as BCA2, is a poorly characterized RING finger-
type E3 ubiquitin ligase.®” The RNF115 gene encodes a protein
of 305 amino acids, comprising an N-terminal BCA2 zinc-finger
domain, a central AKT phosphorylation domain, and a C-terminal
RING H2 domain.’®'2 The BCA2 zinc-finger domain specifically
binds to ubiquitin and is susceptible to becoming ubiquitinated,
whereas the RING domain is implicated in catalyzing the ubig-
uitination of RNF115-interacting proteins and/or autoubiquiti-
nation.®!! RNF115 was originally isolated through subtractive
hybridization cloning from breast cancer cells.® Subsequent
studies reported that RNF115 is overexpressed in more than 50%
of invasive breast tumors and is important for regulating breast
cancer cell proliferation, migration, and invasion.®'*** Moreover,
its high expression is associated with regional recurrence, lymph
node metastasis, and unfavorable prognosis of patients with
breast cancer.®'* Mechanistic investigations reveal that RNF115
promotes breast cancer cell proliferation through targeting the
cyclin-dependent kinase inhibitor p21Waf/Cipl for ubiquitin-
dependent degradation.13 Given the functional importance of
RNF115 in driving breast cancer, understanding the mechanism
underlying its overexpression in breast tumors should facilitate
the development of new therapeutic agents. A recent study re-
vealed that estrogen enables transcriptional activation of RNF115
in breast cancer cells through enhancing the binding of ER«a to its
promoter.t> In addition to gene transcription, RNF115 possesses
an intrinsic autoubiquitination activity and is thought to be reg-
ulated by the ubiquitin-proteasome pathway.®*' However, the
mechanisms for regulating its protein stability remain undefined.
Protein ubiquitination is counterbalanced by DUBs, which remove
ubiquitin chains from target proteins to regulate their functions.'¢’
To date, approximately 100 DUBs have been identified in the human
genome.r”*® Among these DUBSs, the largest family is the USPs.6:18
Notably, USP9X,'? one of the USP family of DUBs, has been shown

to be upregulated in breast tumors®2%-21

and to promote breast can-
cer cell survival, migration, tumorigenesis, and chemoresistance by
deubiquitinating and stabilizing its substrates, such as transcription
factor FOX03a,??2 SMURF1,2® YAP1,%! centriolar satellite protein
CEP131,%° and pseudokinase Tribbles homolog 3.2* Consequently,

inhibition or knockdown of USP9X enhances the sensitivity of
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breast cancer cells to chemotherapeutic drugs.??° Interestingly,
a recent quantitative proteomic study identified RNF115 as one of
significantly downregulated proteins in USP9X-depleted human lung
cancer A549 cells,? indicating that RNF115 could be a potential sub-
strate of USP9X. However, the functional and mechanistic insights
into regulation of RNF115 by USP9X in breast cancer cells remain
unexplored.

In this study, we report that USP9X interacts with and stabilizes
RNF115 by antagonizing its ubiquitination and proteasomal deg-
radation. Functional rescue experiments further indicate that the
USP9X-RNF115 signaling axis is linked with breast cancer cell prolif-
eration, migration, and invasion.

2 | MATERIALS AND METHODS

2.1 | Cell culture and reagents

Human breast cancer cell lines (MCF-7, T47D, ZR-75-1, SK-BR-3, MDA-
MB-231, MDA-MB-468, Hs578T, BT20, and BT549), human cervical
cancer Hela cell line, human mammary epithelial HMEC cell line, and
human embryonic kidney 293T (HEK293T) cell line were obtained
from the Type Culture Collection of the Chinese Academy of Sciences
(Shanghai, China), where cell lines have been authenticated by short
tandem repeat profiling and monitoring cell morphology, biologic be-
havior, and mycoplasma contamination. HMEC cells were cultured in
high-glucose DMEM containing 5% FBS (ExCell Bio, Shanghai, China),
1% penicillin/streptomycin, 20 ng/uL human epidermal growth fac-
tor, 0.5 pg/mL hydrocortisone, and 10 pg/mL insulin. Other cell lines
were grown in high-glucose DMEM medium containing 10% FBS and
1% penicillin/streptomycin. All cells were cultured in a humidified in-
cubator at 37°C with 5% CO,. Culture media and supplements were
obtained from BasalMedia (Shanghai, China). Proteasome inhibitor
MG-132 and protein synthesis inhibitor CHX were obtained from
Selleck (Shanghai, China) and Cell Signaling Technology (Danvers,
MA, USA), respectively. All chemicals and reagents were from Sigma-
Aldrich (St. Louis, MO, USA) unless otherwise noted.

2.2 | Expression plasmids, siRNAs, and transfection

pDEST51 and pDEST51-V5-USP9X expression vectors were kindly
provided by Professor Stephen A. Wood (Eskitis Institute for Drug
Discovery, Griffith University, Brisbane, Australia). Full-length
human RNF115 cDNA was purchased from Vigene Biosciences
(Shandong, China) and subcloned into pCDH-CMV-MCS-EF1-Puro
(System Biosciences, Mountain View, CA, USA), pLVX-IRES-neo
(Clontech, Mountain View, CA, USA), and pGEX-6p-1 (kindly pro-
vided by Yanhui Xu, Fudan University, Shanghai, China) expression
vectors to generate pCDH-Flag-RNF115, pLVX-Flag-RNF115, and
GST-RNF115, respectively. The primers used for molecular cloning
are provided in Table S1. Hemagglutinin-ubiquitin expression vec-
tor has been described previously.27'28 Small hairpin RNAs targeting
USP9X and shNC lentiviral expression vectors were kindly provided
by Hu Zhou (Shanghai Institute of Materia Medica, Chinese Academy



LU ET AL.

LLRRVWINTSYE Cancer SCience

of Sciences, Shanghai, China). Short interfering RNAs were synthe-
sized by GenePharma (Shanghai, China). The shRNA and siRNA tar-
geting sequences are provided in Table S2. Transfection of plasmids
and siRNAs was carried out using Neofect DNA transfection reagent
(TengyiBio, Shanghai, China) and Lipofectamine 2000 (Invitrogen,
Waltham, MA, USA), respectively, according to the manufacturer's
protocol. Protein and mRNA levels were estimated after 48 hours of
transfection by immunoblotting and gPCR, respectively. To establish
USP9X-depleted and RNF115-overexpressing stable cell lines, pack-
aging plasmid psPAX2, envelope plasmid pMD2.G, shUSPX lentiviral
vectors, and pLVX-IRES-neo-RNF115 vector were cotransfected
into HEK293T cells. Viral supernatant was collected 48 hours after
transfection and filtered through a 0.45-um filter. Target cells were
infected twice with the viral supernatant in the presence of 8 pg/mL
polybrene (Sigma-Aldrich) and selected with 1-4 pg/mL puromycin
(Cayman, Ann Arbor, MI, USA) or 0.5 mg/mL Geneticin (Invitrogen).

2.3 | Quantitative PCR

Total RNAs were isolated using TRIzol reagent (Invitrogen) and con-
verted into cDNAs using PrimeScript Reverse Transcription Master
Mix (Takara, Dalian, China). Quantitative PCR was undertaken using
SYBR Premix Ex Taq (Tli RNaseH Plus; Takara). The primers used for
PCR analysis of RNF115 and USP9X were designed by PrimerBank
(https://pga.mgh.harvard.edu/primerbank/) (Table S3); GAPDH
primers have been described previously.?’ Results normalized to

GAPDH are presented as fold induction relative to control.

2.4 | Antibodies, immunoblotting,
immunoprecipitation, and immunofluorescence

The detailed information for primary Abs used in this study is pro-
vided in Table S4. Secondary Abs for immunoblotting and immuno-
fluorescence were from Cell Signaling Technology. Immunoblotting,
IP, and immunofluorescence have previously been described.?”3°
Briefly, for immunoblotting analyses, cells were lysed in modi-
fied RIPA buffer (50 mmol/L Tris-HCI, pH 7.4, 150 mmol/L NaCl,
1% NP-40, 0.25% sodium deoxycholate, 0.1% SDS, and 1 mmol/L
EDTA) containing 1x protease inhibitor cocktail and 1x phosphatase
inhibitor cocktail (Bimake, Shanghai, China). Proteins were quanti-
fied using the bicinchoninic acid assay (Yeasen, Shanghai, China),
resolved by SDS-PAGE, and transferred onto PVDF membrane
(Millipore, Billerica, MA, USA). Antibody detection was carried out
using an enhanced chemiluminescent substrate kit (Yeasen). For IP
assays, cells were lysed in NP-40 lysis buffer (50 mmol/L Tris-HCI,
pH 8,150 mmol/LNaCl,0.5% NP-40, 10% glycerol, 2 mmol/L MgCl,,
and 1 mmol/L EDTA) supplemented with protease and phosphatase
inhibitors and centrifuged at 18 000 g at 4°C for 30 minutes. Then
the supernatant was collected and immunoprecipitated with the in-
dicated primary Ab at 4°C overnight, followed by protein A/G mag-
netic beads (Bimake) for another 2 hours at 4°C. The beads were
washed with NP-40 buffer 3 times. The proteins released from the
beads were boiled for 5 minutes and subjected to immunoblotting

analysis. For immunofluorescent staining, HEK293T cells were
seeded on 12-mm coverslips and cotransfected with Flag-RNF115
and V5-USP9X. After 48 hours of transfection, cells were fixed with
4% paraformaldehyde for 10 minutes, pre-extracted in 0.1% Triton
X-100 for 5 minutes, blocked in 5% normal goat serum in PBST for
1 hour, and incubated with primary rabbit anti-V5 and mouse anti-
Flag Abs overnight at 4°C. After washing with PBST buffer 3 times,
cells were incubated with secondary Abs conjugated with mouse
488-Alexa (green) and rabbit 555-Alexa (red). DNA was counter-
stained with DAPI (Abcam, Shanghai, China). Microscopic analy-
ses were carried out using a Leica SP5 confocal microscope (Leica
Microsystems, Buffalo Grove, IL, USA).

2.5 | GST pull-down assay

The GST pull-down assays were carried out as described previously.27
In brief, pGEX-6p-1 and pGEX-6p-1-RNF115 constructs were trans-
formed in Escherichia coli strain BL21 (DE3; Tiangen Biotech, Beijing,
China), induced with 0.2 mmol/L isopropyl-p-D-thiogalactoside
(Invitrogen), and purified using Glutathione Sepharose 4B bath beads
(GE Healthcare, Beijing, China). The GST and GST-RNF115 proteins
were added to 800 pL cellular lysates from MCF-7 cells and rotated
for 3 hours at 4°C. After washing with NP-40 buffer 3 times, proteins
were eluted and subjected to SDS-PAGE for immunoblotting analysis.

2.6 | Ubiquitination assay

HEK293T cells were transfected with siRNAs targeting USP9X or
siNC using Lipofectamine 2000 (Invitrogen). After 6 hours of trans-
fection, HA-ubiquitin and Flag-RNF115 were cotransfected using
Neofect DNA transfection reagent (TengyiBio). To address the effect
of USP9X overexpression on RNF115 ubiquitination, Flag-RNF115,
HA-ubiquitin, and V5-USP9X were cotransfected into HEK293T cells.
After 48 hours of transfection, cells were treated with 10 pmol/L MG-
132 for 4 hours, washed with PBS, and lysed with 200 pL denatur-
ing buffer (4% SDS, 300 mmol/L NaCl, 10 mmol/L DTT, 20 mmol/L
10 mmol/L and 10 mmol/L
HEPES, pH 7.5) supplemented with protease and phosphatase in-

N-ethylmaleimide, jodoacetamide,
hibitors. Lysates were collected in a 1.5-mL Eppendorf tube and im-
mediately boiled for 10 minutes. Lysates were then diluted in 1.8 mL
ice-cold dilution buffer (1.7% Thesit [Sigma-Aldrich], 150 mmol/L
NaCl, 20 mmol/L N-ethylmaleimide, and 50 mmol/L HEPES, pH 7.5)
containing protease and phosphatase inhibitors and incubated with
mouse anti-DYKDDDDK (Flag) affinity gel (Bimake) for 3 hours. The
ubiquitination of RNF115 was assessed by immunoblotting analysis
with an anti-HA Ab.

2.7 | Cycloheximide chase assays

To determine the half-life of RNF115 protein, CHX chase assays were
carried out as described previously.27'30 After 48 hours of transfec-
tion, cells were treated with 100 pg/mL CHX for the indicated times
and harvested for immunoblotting analysis.


(https://pga.mgh.harvard.edu/primerbank/)
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2.8 | Colony formation, cell migration, and
invasion assays

For colony formation assays, MCF-7 and MDA-MB-231 cells stably
expressing shNC, shUSP9X, and shUSP9X together with pLVX or
pLVX-Flag-RNF115 were plated onto 12-well plates (1000 and 500
cells per well for MCF-7 and MDA-MB-231 cell lines, respectively) in
triplicate for 16 days. Media were replaced every 3 days. Cells were
fixed with methanol for 30 minutes and stained with 0.5% crystal vio-
let solution for 1 hour. The colonies were counted. For wound-healing
assays, MDA-MB-231 cells were plated onto 6-well plates. When cells
were grown to confluency, the wound was created by 200 pL tips,
the floated cells were removed through PBS washing, and the culture
medium replaced by serum-free medium. Images of the wound were
taken at the indicated time points using an Olympus IX51 inverted
microscope (Tokyo, Japan), and the percentage of the wound closure
was quantified from 3 independent replicates as described previ-
ously.?’ For migration and invasion assays, an 8-um pore-size polycar-
bonate membrane Transwell chamber and BioCoat Matrigel invasion
chamber (Corning, Shanghai, China) were used, respectively.29 MDA-
MB-231 cells in serum-free medium were plated in the top chamber
(3 x 10* cells for migration assays and 6 x 10* cells for invasion assays).
Growth medium containing 10% FBS was used as a chemoattractant
in the lower chamber. After 18 hours of incubation, cells were fixed
with methanol for 30 minutes and stained with 0.5% crystal violet so-
lution for 1 hour. The migrated and invaded cells were photographed

using an Olympus IX51 inverted microscope at 200x magnification.

FIGURE 1 Ring finger protein 115
(RNF115) is positively correlated with
ubiquitin-specific protease 9X (USP9X)
expression in breast cancer cell lines 17 18 19 20
and tumor samples. A, Immunoblotting NTNTNTNT
analysis of USP9X and RNF115 in 31

pairs of breast cancer specimens (T) and
matched adjacent noncancerous breast
tissues (N). Western blots were quantified
using ImageJ software (https://imagej.
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2.9 | Statistical analysis

All data are presented as the mean + SE from at least 3 independ-
ent experiments. Two-tailed unpaired Student's t test was used for
comparing 2 groups of data. The correlation between USP9X and
RNF115 expression in cell lines and tumor samples was analyzed
using the y? test. R is Pearson's correlation coefficient. P values of

less than 0.05 were considered statistically significant.

3 | RESULTS

3.1 | Ubiquitin-specific protease 9X and RNF115 are
correlatively upregulated in breast cancer cell lines
and breast tumor samples

To investigate the relationship between USP9X and RNF115 in human
breast cancer, we analyzed the expression levels of USP9X and
RNF115 in 31 pairs of primary breast cancer specimens and matched
adjacent noncancerous breast tissues by immunoblotting. As shown in
Figure 1A,B, USP9X was overexpressed in 87% (27/31) of breast cancer
samples as compared with adjacent noncancerous tissues. Ring finger
protein 115 protein levels were increased in 96% (26/27) of USP9X-
overexpressing cancer samples. In addition, among 13% (4/31) of cancer
tissues with USP9X low expression, 50% (2/4) of cancer tissues showed
lower RNF115 expression compared to adjacent normal tissues. The cor-
relation between USP9X and RNF115 protein expression was also ob-

served in multiple breast cancer cell lines (Figure 1C,D). These findings
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FIGURE 2 Ring finger protein 115 (RNF115) does not affect ubiquitin-specific protease 9X (USP9X) expression. A, MCF-7 and MDA-
MB-231 cells were transfected with negative control siRNA (siNC) or 3 different siRNAs targeting RNF115 (siRNF115 #1-3). After 48 h
of transfection, cells were harvested and analyzed by immunoblotting with the indicated Abs. B,C, HEK293T cells were transfected with
expression vector encoding empty vector pCDH or pCDH-RNF115 with or without V5-USP9X. After 48 h of transfection, total cellular

lysates were subjected to immunoblotting with the indicated Abs

suggest that USP9X and RNF115 are concomitantly overexpressed in

human breast cancer cell lines and tumor samples from patients.

3.2 | Ring finger protein 115 does not modulate
USP9X expression

Ring finger protein 115 is an E3 ubiquitin ligase that catalyzes ubiqui-
tination of its substrates to trigger their proteasomal degradation.®*3
To address whether USP9X is a potential substrate of RNF115, we
first examined whether treatment of cells with proteasomal inhibitor
MG-132 could result in an accumulation of USP9X protein. As shown
in Figure S1, we found that MG-132 treatment had no significant ef-
fects on USP9X protein levels. As a positive control, MG-132 treat-
ment resulted in a significant increase in the protein levels of p53,
which is known to be degraded through the proteasome pathway.31
These results suggest that the ubiquitin-proteasome pathway might
not be involved in USP9X degradation. To confirm these results,
MCF-7 and MDA-MB-231 cells were transfected with siNC and 3
independent siRNAs targeting RNF115 (siRNF115 #1-3). As shown
in Figure 2A, 3 RNF115 siRNAs effectively reduced RNF115 pro-
tein levels after 48 hours of transfection. However, siRNA-mediated
knockdown of RNF115 had no remarkable effect on USP9X levels.
Consistently, overexpression of RNF115 in HEK293T cells did not
significantly affect protein abundance of endogenous (Figure 2B) or
exogenously expressed USP9X (Figure 2C). These results suggest
that RNF115 might not modulate USP9X expression.

3.3 | Ubiquitin-specific protease 9X regulates
RNF115 at the protein level, but not mRNA level

To test whether USP9X regulates RNF115 expression, we knocked
down endogenous USP9X using 3 independent siUSP9Xs in MCF-7,
T47D, SK-BR-3, and BT474 cells and then examined RNF115 protein
levels by immunoblotting analysis. Results showed that the levels of
RNF115 were markedly decreased following USP9X depletion by
siRNAs (Figure 3A). Similarly, stable knockdown of USP9X in MDA-
MB-231, BT549, and Hela cells using 2 different shUSP9Xs also re-
sulted in a downregulation of RNF115 protein (Figure S2). In contrast,
the mRNA levels of RNF115 were not significantly altered following
USP9X knockdown (Figure 3B). In addition, overexpression of USP9X

increased the protein abundance of endogenous (Figure 3C) and ex-
ogenously expressed RNF115 (Figure 3D). Quantitative PCR analysis
showed that USP9X overexpression did not significantly affect the
mRNA levels of RNF115 (Figure 3E,F). These results suggest that
USP9X regulates RNF115 at the protein level.

3.4 | Ubiquitin-specific protease 9X enhances the
stability of RNF115 protein

To determine the effect of USP9X on protein stability of RNF115,
MCEF-7 and T47D cells stably expressing vectors encoding shNC or 3
shUSP9Xs were treated with DMSO or 10 pmol/L MG-132 for 6 hours.
Immunoblotting analysis showed that depletion of USP9X resulted in
a decrease in RNF115 protein levels, which were partially restored
after MG-132 treatment (Figure 4A). To further determine the impact
of USP9X on RNF115 protein turnover, MCF-7 and T47D cells were
transfected with siNC or two siUSP9Xs. After 48 hours of transfec-
tion, cells were treated with 100 pg/mL CHX for the indicated times
and then harvested for immunoblotting. As expected, the half-life of
RNF115 was reduced following depletion of USP9X (Figure 4B,C).
These results suggest that USP9X controls the stability of RNF115.

3.5 | Ubiquitin-specific protease 9X interacts with
RNF115 and counteracts its ubiquitination

Toinvestigate the mechanisms regulating RNF115 protein stability by
USP9X, we next examined whether USP9X interacts with RNF115.
To do this, HEK293T cells were transfected with expression vec-
tors encoding V5-USP9X and Flag-RNF115 alone or in combination.
After 48 hours of transfection, total cellular lysates were subjected
to IP assays using either an anti-V5 or an anti-Flag Ab. As shown in
Figure 5A, V5-USP9X was immunoprecipitated with Flag-RNF115
when coexpressed. Immunofluorescent staining showed that V5-
USP9X and Flag-RNF115 colocalized in cotransfected HEK293T
cells (Figure S3). This interaction was also validated with transfected
Flag-RNF115 and endogenous USP9X in HEK293T cells (Figure 5B).
To examine whether endogenous USP9X interacts with endogenous
RNF115, endogenous RNF115 protein was immunoprecipitated
using an anti-RNF115 Ab in MCF-7 and T47D cells. Results showed
that RNF115 was efficiently coimmunoprecipitated with USP9X in
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FIGURE 3 Ubiquitin-specific protease 9X (USP9X) regulates ring

finger protein 115 (RNF115) at the protein but not mRNA level.

A,B, MCF-7, T47D, SK-BR-3, and BT474 cells were transfected with negative control siRNA (siNC) or 3 different siRNAs targeting USP9X
(siUSP9X #1-3). After 48 h of transfection, cells were subjected to immunoblotting (A) or quantitative PCR (B) analysis of USP9X and RNF115
protein and mRNA levels, respectively. C,D, HEK293T and MCF-7 cells were transfected with the indicated expression vectors. After 48 h of
transfection, cells were subjected to immunoblotting analysis with the indicated Abs. E,F, HEK293T and MCF-7 cells were transfected with
the indicated expression vectors. After 48 h of transfection, cells were subjected to quantitative PCR analysis of USP9X and RNF115 mRNA

levels. In B, E, and F, *P < .05; **P < .01; ***P < .001

both cell lines (Figure 5C). To validate the direct interaction between
USP9X and RNF115 in vitro, GST pull-down assays were carried out
using purified GST-RNF115 from bacteria and total cellular lysates
of MCF-7 cells. Results showed that GST-RNF115 fusion protein, but
not GST negative control, was able to pull down USP9X (Figure 5D).
Together, these results suggest that USP9X interacts with RNF115.
To test whether USP9X regulates RNF115 through deubiquitination,
HEK293T cells were co-transfected with Flag-RNF115, HA-ubiquitin,
siNC, or siUSP9X. After 48 hours of transfection, cells were treated with
10 pmol/L MG-132 for 4 hours and subjected to IP assays with Flag M2
affinity gel. Immunoblotting analysis showed that depletion of USP9X

increased the ubiquitination of RNF115 protein (Figure 5E). Conversely,
overexpression of USP9X decreased RNF115 ubiquitination (Figure 5F).
These results indicate that USP9X stabilizes RNF115 by deubiquitina-

tion and prevention of its proteasome-mediated degradation.

3.6 | Ubiquitin-specific protease 9X regulates breast
cancer cell proliferation, migration, and invasion
partially through RNF115

As both USP9X and RNF115 have been reported to promote breast

13,20,21,23

cancer cell proliferation, migration, and invasion, we next



LU ET AL.

LLERVWINPSVE Cancer SCience

(A) shNC
shUSP9X #1

shUSP9X #2
shUSPOX #3
DMSO
MG-132

B emmen WA s
- = UsPox

e e — i

L+
11 +!
T A
4000
+ 00001 +
+ 100+
+ 00+
L T T T |

+
+

Lo+
[ I
[ S S R I |
o000+
L T T T |
[ EO A B I |
0+ 00

MCF-7 T47D
(B) .
Fod F FOD Do Lew e L e siNC
—- - -+t - - - - - - - -4 4+ - - - - sIUSPOX#1
-------- ++++ === === ==+ 4+ + + siUSPIXH2

012501250125 012501250125 CHX()
mee-ge- 97 [SESSSes S8= 1 s

l-.---—n—----‘ o USP9X
!-—-_—.—-ﬁ W‘ Vincuiin
MCF-7 T47D
© MCF-7 T47D
100 ¢ i
\ . \
3 N —s—2lNC +\ —esiNC
3 1) —e—siUSPoX#1 80 — SiUSPIX #1
2 60 | A USRI { o SiUSPOX #2
o b\
£ 40 %\
1 40 -
2 e g
3 20 R N 20 -
= T e 4
0 —— 0 — 8
001 2 3 4 5 0 1 2 3 4 5
Time (h) Time (h)

FIGURE 4 Ubiquitin-specific protease 9X (USP9X) enhances
ring finger protein 115 (RNF115) stability. A, MCF-7 and T47D
cells stably expressing negative control shRNA (shNC) or shRNAs
targeting USP9X were treated with DMSO or 10 pmol/L MG-132
for 6 h, followed by immunoblotting analysis with the indicated
Abs. B,C, MCF-7 and T47D cells were transfected with negative
control siRNA (siNC) or 2 different siUSP9Xs. After 48 h of
transfection, cells were treated with 100 pg/mL cycloheximide
for the indicated times. Total cellular lysates were subjected to
immunoblotting analysis with the indicated Abs (B). Quantitative
results of relative RNF115 protein levels (RNF115/vinculin) from 3
independent experiments are shown (C)

determined whether the biological function of USP9Xin breast cancer
cells depends on RNF115. USP9X-depleted MCF-7 and MDA-MB-231
cells were infected with lentiviral expression vector encoding either
pLVX empty vector or pLVX-Flag-RNF115. Immunoblotting analysis
showed that shUSP9X significantly reduced USP9X protein levels, ac-
companied by a decrease in RNF115 protein levels. When infected
with lentivirus vector encoding RNF115, RNF115 protein levels were
restored, but USP9X protein levels remained unchanged (Figure 6A).
Colony formation assays showed that depletion of USP9X impeded
the colony formation of MCF-7 and MDA-MB-231 cells, and over-
expression of RNF115 rescued colony formation in USP9X-depleted
cells (Figure 6B,C). To investigate the impact of the USP9X-RNF115
axis on breast cancer cell migration and invasion, highly invasive and
metastatic MDA-MB-231 cell line was used.?> Wound-healing as-
says showed that USP9X knockdown delayed the migration of MDA-
MB-231 cells, while reintroduction of RNF115 partially restored the

motility of USP9X-depleted cells (Figure 6D,E). Consistently, migra-
tion and invasion assays showed that knockdown of USP9X reduced
the number of migrated and invaded cells, and RNF115 overexpres-
sion rescued USP9X depletion-induced cell migration and invasion
inhibition (Figure 6F,G). These data suggests USP9X promotes breast
carcinogenesis partially through stabilizing RNF115.

4 | DISCUSSION

In this study, we discovered that USP9X is a deubiquitinase of
RNF115, which binds to RNF115 and antagonizes its autoubiquitina-
tion and subsequent proteasomal degradation, ultimately resulting
in the promotion of cancer cell proliferation, migration, and invasion
(Figure 6H).

First, USP9X is a novel binding partner but not a ubiquiti-
nated substrate of E3 ubiquitin-protein ligase RNF115. Although
RNF115 possesses ubiquitin ligase activity,® only a few of its sub-
strates have been identified to date. For example, it was reported
that RNF115 targets p21 for ubiquitin-mediated degradation to
promote breast cancer cell proliferation.13 In addition, RNF115 has
been shown to stimulate ubiquitination and degradation of c-Myc
and epidermal growth factor receptor in other model systems.3%33
Interestingly, we found that depletion or overexpression of RNF115
does not affect USP9X protein abundance (Figure 2). In support of
our findings, a recent study showed that SMURF1, a member of the
Nedd4 family of HECT ubiquitin ligases, interacts with USP9X but
this association does not lead to USP9X degradation.?®

Second, USP9X dictates the stability of RNF115. Overexpression
of RNF115 has been documented in breast cancer cells,®1%% but the
underlying mechanism for its aberrant expression remains elusive.

Recently, Kona et al®?

reported that ERa enables transcriptional ac-
tivation of RNF115 in ERa-positive breast tumors. In addition, just
like many other E3s, RNF15 undergoes autoubiquitination and self-
degradation.®'* USP9X is a highly conserved member of the USP
family of deubiquitinating enzymes and regulates multiple cellular
functions through deubiquitinating and stabilizing its substrates.?*
In this study, we showed that siRNA-mediated silencing of USP9X
resulted in a downregulation of RNF115 protein without affecting
its mRNA expression (Figure 3). Intriguingly, high levels of USP9X
correlated with elevated RNF115 expression in breast cancer cell
lines and clinical breast tumor tissues. In line with our findings, a
recent quantitative proteomics analysis showed that depletion
of USP9X is accompanied by a decrease in RNF115 expression in
human lung cancer A549 cells.?® Moreover, reduced RNF115 ex-
pression in USP9X-depleted cells was restored following treatment
with proteasome inhibitor MG-132. The CHX chase assays further
confirmed that USP9X depletion remarkably shortened the half-life
of RNF115 (Figure 4). These results suggest that USP9X enhances
RNF115 protein stability. Biochemical evidence further indicated
that depletion of USP9X increased, whereas overexpression of
USP9X decreased, RNF115 ubiquitination (Figure 5). These results
suggest that USP9X as a deubiquitinase stabilizes RNF115 through
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FIGURE 5 Ubiquitin-specific protease 9X (USP9X) interacts with and promotes ring finger protein 115 (RNF115) deubiquitination.
A,B, HEK293T cells were transfected with the indicated expression vectors. After 48 h of transfection, total cellular lysates were
subjected to immunoprecipitation (IP) and immunoblotting analysis with the indicated Abs. C, Lysates from MCF-7 or T47D cells were
immunoprecipitated with control IgG or an anti-RNF115 Ab, followed by immunoblotting analysis with the indicated Abs. D, Purified GST
or GST-RNF115 fusion protein was incubated with total cellular lysates of MCF-7 cells for 3 h, followed by immunoblotting analysis with
an anti-USP9X Ab. GST or GST-RNF115 protein was stained with Coomassie blue solution as loading controls. E, HEK293T cells were
cotransfected with Flag-RNF115, HA-Ubiquitin (Ub), negative control siRNA (siNC), or siUSP9Xs (siUSP9X #1-3) for 48 h. Lysates were
subjected to IP assays using Flag M2 affinity gel, followed by immunoblotting analysis with the indicated Abs. F, HEK293T cells were
cotransfected with Flag-RNF115, HA-Ub, V5-USP9X, or pDEST51 vector. After 48 h of transfection, lysates were subjected to IP and

immunoblotting analysis as described in E

inhibiting its autoubiquitination and proteasomal degradation. In
support of our findings, USP9X has been shown to regulate the sta-
bility of several E3 ubiquitin ligases, such as ltch,>* MARCH7,% and
SMURF1,2® through antagonizing their autoubiquitination and self-
inflicted degradation.

Third, the USP9X-RNF115 axis contributes to the malignant phe-
notype of breast cancer cells. USP9X has been implicated as both
an oncogene and a tumor suppressor, depending on the type and
stage of cancer.r?3¢% For example, elevated expression of USP9X
has been documented in several types of human cancers, including
non-small-cell lung cancer, esophageal squamous cell carcinoma,
B-cell lymphoma, cervical carcinoma, and melanoma, and its high
expression is closely linked with tumor growth, invasion, metasta-
sis, and chemoresistance.?¢3%%843 Conversely, USP9X has tumor
suppressor functions in pancreatic ductal adenocarcinoma®” 444>
and colorectal cancer.*® Interestingly, 2 recent studies showed that
USP9X stabilizes large tumor suppressor kinase 2, an upstream
component of the Hippo pathway, to negatively regulate YAP and

44,45

its target genes to suppress tumor growth in pancreatic and

breast** cancer. In contrast, another study reported that USP9X
deubiquitinates and stabilizes YAP1, a major downstream effector of
the Hippo pathway, thus promoting breast cancer cell survival and
chemoresistance.?’ Moreover, several other studies have shown
that USP9X is overexpressed in breast tumors and promotes breast
tumorigenesis, progression, and chemoresistance through distinct
mechanisms.?%21232547 Eor example, it was shown that depletion
of USP9X hinders motility of metastatic MDA-MB-231 breast can-
cer cells,?® which could be an indication for the role of this protein
in invasion and metastasis of breast cancer cells. Moreover, deple-
tion or inhibition of USP9X enhances the sensitivity of breast cancer
cells to DNA-damaging chemotherapeutic drugs, such as mitomycin
C, cisplatin, and etoposide.?*?° In addition, USP9X contributes to
obesity-induced breast cancer metastasis.*’” Here, we showed that
shRNA-mediated knockdown of USP9X resulted in a decrease in
breast cancer cell proliferation, migration, and invasion. However,
re-expression of RNF115 in USP9X-depleted cells partially rescued
cell proliferation, migration, and invasion induced by USP9X knock-

down (Figure 6). These results highlight the functional importance
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FIGURE 6 Ubiquitin-specific protease 9X (USP9X) regulates cell proliferation, migration, and invasion partially through ring finger protein
115 (RNF115). A, MCF-7 and MDA-MB-231 cells stably expressing shUSP9X were infected with lentiviral expression vector encoding empty
vector pLVX or pLVX-RNF115. After antibiotic selection, expression status of USP9X and RNF115 in established cell lines was validated by
immunoblotting analysis. B,C, Resultant stable cell lines were used for colony formation assays. Representative images (B) and corresponding
quantitative results (C) of survival colonies are shown. D,E, Wound-healing assays were carried out using the above established stable MDA-
MB-231 cell lines (A). Representative images (D) and corresponding quantitative results (E) of wound-healing assay are shown. F,G, Resultant
stable MDA-MB-231 cell lines were subjected to Transwell migration and Matrigel invasion assays. Representative images of cell migration
(F, upper panel) and invasion (F, bottom panel) and corresponding quantitative results (G) are shown. H, The proposed working model. In C,

E,and G, *P < .05; **P < .01; ***P < .001

of the USP9X-RNF115 axis in the development and/or progression
of breast cancer. Clearly, future studies are warranted to investigate
whether RNF115 overexpression could rescue breast cancer pro-
gression induced by USP9X knockdown in vivo.

In conclusion, findings presented here establish USP9X as a
positive regulator of RNF115 stability and the USP9X-RNF115 sig-
naling axis as an important regulatory mechanism of breast cancer.
Given that the inhibitors of USP9X and RNF115 have been identi-
fied,2>*®4 these findings provide a rationale for potential therapeu-
tic interventions in the treatment of breast cancer.
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