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Abstract: B-catenin is not only a key component of adherens junctions but also a transcriptional co-activator down-
stream of canonical Wnt signaling. The Wnt/B-catenin pathway plays critical roles in animal development and tissue
homeostasis, while mutation or overexpression of 3-catenin often leads to tumorigenesis and metastasis. Ubiqui-
tination-mediated proteasomal degradation of B-catenin is a key molecular event in the Wnt/B-catenin pathway.
Because deubiquitination of 3-catenin can stabilize B-catenin and activate Wnt/B-catenin signaling, targeting the
B-catenin deubiquitinase may provide a strategy for treating B-catenin-driven cancers. Here, by screening a human
deubiquitinase library, we identified USP2a as a deubiquitinase that binds, deubiquitinates, and stabilizes -catenin
protein. USP2a promotes the nuclear accumulation and transcriptional activity of B-catenin, leading to elevated
expression of Wnt/B-catenin target genes. Importantly, either genetic knockdown or pharmacological inhibition of
USP2a leads to B-catenin destabilization. These findings suggest that USP2a may serve as a therapeutic target for

targeting the cancer-promoting protein B-catenin.
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Introduction

B-catenin, a key downstream effector of the
Wnt signaling pathway, plays important roles in
animal development and human diseases [1,
2]. The cellular level of B-catenin protein is con-
trolled by ubiquitin-dependent proteasomal
degradation. In the canonical Wnt pathway, gly-
cogen synthase kinases 3a and 3B (GSK3a
and GSK3p), casein kinase 1 (CK1), adenoma-
tous polyposis coli (APC), and Axin form a com-
plex for B-catenin destruction. Phosphoryla-
tion of [B-catenin by this complex promotes
the binding of B-catenin to a ubiquitin E3 lig-
ase, B-transduction repeat-containing protein
(B-TrCP), leading to ubiquitination and protea-
somal degradation of B-catenin [3]. Activation
of Wnt signaling inhibits the phosphorylation
and proteolytic ubiquitination of [-catenin,
resulting in B-catenin accumulation and nucle-
ar translocation, which in turn activates TCF
(T-cell factor)/LEF (lymphoid enhancer factor)-
dependent transcription of Wnt target genes

[1-3]. Mutation or overexpression of B-catenin
often leads to tumor formation and metastatic
progression [4-6]. Thus, the Wnt pathway has
become an attractive therapeutic target for
anticancer drug development [7]. Since ubiqui-
tination-mediated B-catenin degradation plays
a key role in regulating B-catenin protein stabil-
ity, we hypothesize that identification of the
B-catenin deubiquitinase may reveal a new
therapeutic target.

Deubiquitinases (also known as deubiquitinat-
ing enzymes/DUBs) are proteases that re-
move ubiquitin from proteins [8] and play impor-
tant roles in regulating protein stability, activi-
ty, and subcellular localization [9]. Since DUBs
regulate many key pathways in cancer cells and
are potentially druggable, interests in develop-
ing DUB inhibitors as antitumor drugs have
increased substantially [9-11]. In the present
study, we identified USP2a as a deubiquitinase
that deubiquitinates and stabilizes B-catenin,
and found that inhibition of USP2a by a small-
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molecule inhibitor led to downregulation of
B-catenin in cancer cells.

Materials and methods
Cell lines

The HEK293T, Hela, HCC1806, and BT549 cell
lines were from the American Type Culture
Collection, and LM2 (a subline of the MDA-
MB-231 cell line) cells were from Dr. Xiang
Zhang (Baylor College of Medicine). HEK293T,
Hela, and BT549 cells were cultured in DMEM
medium supplemented with 10% FBS and
1% penicillin and streptomycin, and HCC1806
cells were cultured in RPMI medium supple-
mented with 10% FBS and 1% penicillin and
streptomycin. All cell lines were authenticated
at the Characterized Cell Line Core at the MD
Anderson Cancer Center.

Chemicals

The USP2 inhibitor ML364 was from Dr. An-
ton Simeonov (National Institutes of Health).
Cycloheximide was from Cayman Chemical.
MG132 was from Sigma.

Plasmids and shRNAs

68 SFB-tagged human deubiquitinase ORFs
were described previously [12-15]. The full-
length B-catenin ORF and its deletion mutants
were subcloned into a MYC-tagged expres-
sion vector using the Gateway system. The
full-length USP2a ORF and its deletion mutant
were subcloned into an SFB-tagged expres-
sion vector (a gift from Dr. Junjie Chen at MD
Anderson Cancer Center). The full-length US-
P2a and [3-catenin ORFs were also subcloned
into the pDEST-GST vector (Invitrogen) and the
SFB-tagged expression vector, respectively.
The catalytically inactive mutant of USP2a
(USP2at?7%%) was generated using the Quik-
Change Site-Directed Mutagenesis Kit (Agilent).
pLOC-USP2a and the control pLOC vector were
from Dharmacon. The primer sequences used
for USP2a®™ are 5-TCGAAACCTTGGGAA-
CACGGCCTTCATGAACTCAATTCTG-3' and 5-
CAGAATTGAGTTCATGAAGGCCGTGTTCCCAAGG-
TTTCGA-3'. HA-ubiquitin, TOPflash, and FOP-
flash constructs were from Addgene (plasmid
number: 17608, 12456, and 12457). The pRL
Renilla luciferase plasmid was from Promega
(E2241). Human USP2 shRNA constructs were
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from Sigma (TRCNOOOOOO7277 for shRNA #1,
and TRCNOO0O0415688 for shRNA #2)

Luciferase reporter assay

HEK293T cells were plated in triplicate in
96-well plates with white polystyrene upper
structure (Nunc). Next day, 16.67 ng of the
firefly luciferase vector (TOPflash or FOPflash),
0.1 ng of the Renilla luciferase vector, and 50
ng of each SFB-tagged deubiquitinase con-
struct were co-transfected per well. 2 days post
transfection, firefly and Renilla luciferase ac-
tivities were measured using a Dual-Lucifera-
se Reporter Assay system (Promega) on a
Genb Microplate Reader (BioTek) according to
the manufacturer’s protocol. Firefly luciferase
activity was normalized to Renilla luciferase
activity. For ML364 treatment: 24 hours post
transfection, DMSO or 3 yM ML364 was used
to treat cells for 24 hours.

Immunoprecipitation and pulldown assays

General procedures including pulldown of SFB-
tagged proteins were performed as describ-
ed previously [15]. S-protein beads were from
EMD Millipore. The MYC-tagged proteins were
immunoprecipitated using anti-MYC agarose
affinity gel beads (Sigma, A7470) or anti-MYC
magnetic beads (ThermoFisher, 88842), and
mouse IgG (isotype control)-magnetic beads
(MBL, M0O76-9) were used as the control. For
immunoprecipitation of HA-tagged ubiquitinat-
ed proteins, an HA-specific antibody (Abcam,
ab9110) was used after conjugation with aga-
rose beads (Santa Cruz Biotechnology, sc-
2003). Normal rabbit I1gG (Santa Cruz Biote-
chnology, sc-2027) was used as a control.
DMSO or the USP2 inhibitor ML364 was used
to treat cells at the indicated concentrations for
24 hours, and then cells were harvested and
subjected to immunoprecipitation and pull-
down assays.

Total RNA isolation, reverse transcription, and
quantitative PCR

Cells were harvested in TRIzol reagent (In-
vitrogen). Total RNA was isolated using the
RNeasy Mini Kit and RNase-free DNase Set
(Qiagen) and reverse-transcribed using the
iScript cDNA Synthesis Kit (Bio-Rad) according
to the manufacturer’s protocol. gPCR was per-
formed using SYBR Green reagent (Bio-Rad)
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and gene-specific primers as follows: CTN-
NB1-forward, 5-GTTCAGTTGCTTGTTCGTGC-3’;
CTNNB1-reverse, 5-GTTGTGAACATCCCGAGCT-
AG-3’; BIRC5-forward, 5-CAAGGAGCTGGAAG-
GCTG-3’; BIRC5-reverse, 5-TTCTTGGCTCTTT-
CTCTGTCC-3’; CUBN-forward, 5-TCTCAGCAA-
TCCAAATCAGGG-3’; CUBN-reverse, 5-ACCAC-
AAAGTCTCCACATCAG-3’; FGF7-forward, 5-CC-
TGAGGATCGATAAAAGAGGC-3’;  FGF7-reverse,
5-CACTTTCCACCCCTTTGATTG-3’; CDON-forw-
ard, 5-GGAGTGGTACTTACAGATTCCTC-3’; CD-
ON-reverse, 5-TGAAGGCAGTGATTGGAGAAC-3’;
BTRC-forward, 5-CTTAAATGGACACAAACGAG-
GC-3’; BTRC-reverse, 5-CAACGCACCAATTCC-
TCATG-3’; ANTXR1-forward, 5-CCTTTATTGTT-
TTCTCCACCCG-3’; ANTXR1-reverse, 5-TCACT-
GGCCCTTTCAAATCC-3’; IGF2-forward, 5-AGA-
CGTACTGTGCTACCCC-3’; IGF2-reverse, 5-TGC-
TTCCAGGTGTCATATTGG-3'.

GST fusion protein purification

GST protein was purchased from Sigma. BL-
21 competent cells (NEB) were transformed
with GST-GFP, GST-USP2a, or GST-USP2a¢27¢*
and cultured in LB medium. GST fusion prote-
ins were induced by IPTG (Ambion). Bacterial
cells were harvested in lysis buffer (5 mM EDTA,
1 mM PMSF, and 1 mM dithiothreitol in PBS)
with protease inhibitor and sonicated. 1% Tri-
ton X-100 was added and incubated to fully
lyse the cells. Glutathione sepharose beads
(ThermoFisher, 16100) were added and incu-
bated. GST fusion proteins were eluted in elu-
tion buffer (50 mM Tris at pH 8.0 with 10 mM
reduced glutathione, Sigma) and concentrated
using the 100 K MWCO Protein Concentrator
(ThermoFisher, 88523).

In vitro binding assay using GST fusion pro-
teins

FLAG-tagged [-catenin was expressed in
HEK293T cells and purified with anti-FLAG aga-
rose beads (Sigma, M8823) and 3 x FLAG pep-
tides (Sigma, F4799) according to the manufac-
turer’'s protocol. 1 pg of GST, GST-USP2a, or
GST-USP2a%?"®* was mixed with 1 ug of purified
FLAG-B-catenin and glutathione sepharose
beads and incubated at 4°C overnight. The
beads were washed and the bound proteins
were eluted by boiling in Laemmli buffer, fol-
lowed by Western blot analysis with the indi-
cated antibodies.
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In vivo deubiquitination assay

HEK293T cells were co-transfected with MYC-
B-catenin, SFB-tagged deubiquitinases, and
HA-ubiquitin and treated with the proteasome
inhibitor MG132 (10 uM) for 6 hours [16, 17].
Cells were lysed in RIPA buffer (50 mM Tris-HCI
at pH 7.4, 150 mM NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate, 1 mM EDTA). For
denaturing, lysates were heated at 95°C for 5
minutes in the presence of 1% SDS, followed
by 10-fold dilution with lysis buffer (to 0.1%
SDS) and sonication, as described previously
[18]. B-catenin was immunoprecipitated with
anti-MYC beads and immunoblotted with the
indicated antibodies.

In vitro deubiquitination assay

HEK293T cells were co-transfected with MYC-
B-catenin and HA-ubiquitin. After 2 days, cells
were treated with 10 yM MG132 for 6 hours
and then harvested. Cell pellet was lysed in
NETN buffer (20 mM Tris-HCI at pH 8.0, 100
mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40) and
ubiquitinated MYC-B-catenin was immunopre-
cipitated with anti-MYC agarose beads (Sig-
ma, A7470). After wash with NETN buffer, be-
ads were washed once with deubiquitination
buffer (50 mM Tris-HCI at pH 8.0, 50 mM NacCl,
1 mM EDTA, 10 mM dithiothreitol, 5% glycerol).
The in vitro deubiquitination reaction was per-
formed as described previously [14]. Briefly,
ubiquitinated B-catenin protein (bound to
beads) was incubated with 1 ug of purified GST-
GFP, GST-USP2a, or GST-USP2a®?"%* in deubiq-
uitination buffer at 37°C for 2 hours. After the
reaction, the beads were washed with deubig-
uitination buffer, and the bound proteins were
eluted by boiling in Laemmli buffer and subject-
ed to Western blot analysis with the indicated
antibodies.

Immunoblotting

Immunoblotting was performed as describ-
ed previously [15] and the following antibodi-
es were used: antibodies against FLAG (1:
5,000, Sigma, F7425), MYC (1:1,000, Santa
Cruz Biotechnology, SC-40), HA (1:5,000, San-
ta Cruz Biotechnology, SC-7392), ubiquitin (1:
1,000, Invitrogen, 13-1600), B-catenin (1:
1,000, Cell Signaling Technology, 9582), 3-ac-
tin (1:2,000, Santa Cruz Biotechnology, SC-
1615), cyclophilin B (1:5,000, Thermo, PA1-
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Figure 1. USP2a upregulates B-catenin protein and promotes its transcriptional activity. A. Each SFB-tagged deu-
biquitinase was co-transfected with MYC-tagged B-catenin into HEK293T cells, followed by pulldown with S-protein
beads and immunoblotting with antibodies against FLAG and MYC. B. Either B-catenin-responsive TOPflash or its
mutant FOPflash construct was co-transfected with each SFB-tagged deubiquitinase and Renilla luciferase into
HEK293T cells. A dual luciferase assay was used to determine (-catenin activity. Firefly luciferase activity was nor-
malized to Renilla luciferase activity. MYC-tagged B-catenin serves as a positive control. Error bars are S.D. C. SFB-
tagged GFP, USP2a, USP26, and USP42 were co-transfected with MYC-tagged B-catenin into HEK293T cells, and
pulled down with S-protein beads. Antibodies against MYC and FLAG were used to detect B-catenin and DUBs. CypB
(cyclophilin B) serves as the loading control. D. Left panel: luciferase reporter assay validating that the 4 candidate
deubiquitinases (USP2a, USP36, DUB3, and OTUD7B) promote the transcriptional activity of B-catenin. Error bars
are S.D. ***:; P < 0.001. Right panel: immunoblotting of HSP90 and SFB-tagged GFP, USP2a, USP36, DUB3, and
OTUD7B in HEK293T cells. HSP9OO0 serves as the loading control. T: TOPflash; F: FOPflash. E. Each SFB-tagged can-
didate deubiquitinase was co-transfected with HA-tagged ubiquitin and MYC-tagged B-catenin into HEK293T cells.
After MG132 treatment for 6 hours, B-catenin was immunoprecipitated with a MYC-specific antibody, followed by
immunoblotting with antibodies against HA and MYC. F. Immunoblotting of B-catenin, FLAG, and HSP9O in HEK293T
cells transfected with SFB-tagged GFP, USP2a, USP36, DUB3, or OTUD7B. G. qPCR of CTNNB1 (the gene that en-
codes B-catenin) in HEK293T cells transfected with the empty vector, wild-type USP2a, or the catalytically inactive
mutant (C276A). Error bars are S.D. n.s.: not significant. H. Immunoblotting of USP2a, 3-catenin, and CypB in BT549
cells transduced with USP2 shRNAs. I. Immunoblotting of USP2a, B-catenin, and CypB in BT549 cells transduced

with USP2 shRNA with or without ectopic expression of USP2a.

027A), HSP90O (1:5,000, BD Biosciences,
610419), Lamin B1 (1:1,000, Cell Signaling
Technology, 12586), and USP2 (1:1,000, Cell
Signaling Technology, 8036).

Lentiviral production and transduction

HEK293T cells were co-transfected with a len-
tiviral vector (pLKO.1 control, pLKO.1-USP2
shRNA, pLOC control, or pLOC-USP2a), an enve-
lope plasmid (pCMV-VSV-G, Addgene, 8454),
and a packaging plasmid (pCMV-dR8.2 dvpr,
Addgene, 8455). Viral supernatant was har-
vested 2 days post transfection, filtered through
a 0.45 um filter, and added to the target cells.
Antibiotics (1.5 pug/ml puromycin or 10 pg/mi
blasticidin) was added to select stably trans-
duced cells.

Cytoplasmic and nuclear fractionation

HEK293T cells were transfected with the con-
trol SFB or SFB-USP2a vector and harvested
after 2 days. Fractionation of nuclear and
cytoplasmic proteins was done by using the
NE-PER Nuclear and Cytoplasmic Extraction Kit
(ThermoFisher Scientific, 78833) according to
the manufacturer’s protocol. After fraction-
ation, Western blot analysis was performed to
analyze USP2a and B-catenin in the cytoplasm
and the nucleus. HSPQO and Lamin B1 were
used as markers of the cytoplasm and nucleus,
respectively.

Human Wnt signaling targets PCR array

The 96-well format Human Wnt signaling tar-
gets RT? Profiler PCR Array (Qiagen, PAHS-
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243Z), consisting of 84 key genes responsive
to Wnt signal activation, was used to profile
USP2a-overexpressing HEK293T cells. Total
RNA was extracted from control and USP2a-
overexpressing HEK293T cells using the
RNeasy Mini Kit (Qiagen) and DNase | treat-
ment. Reverse transcription and qPCR were
performed according to the manufacturer’s
protocol. Briefly, after reverse transcription, the
cDNA was combined with a SYBR Green reagent
(Qiagen), and then equal aliquots of this mix-
ture were added to each well of the PCR Array
plate that contains the pre-dispensed gene-
specific primer sets. Real-time PCR and data
collection were performed on a CFX96 instru-
ment (Bio-Rad).

Statistical analysis

Data are presented as mean + S.D. or mean *
S.E.M. (as specified in the figure legends), and
a two-tailed unpaired t-test was used to com-
pare two groups of independent samples. P <
0.05 was considered statistically significant. *:
P <0.05; **: P<0.01; ***: P<0.001; n.s.: not
significant.

Results

USP2a upregulates B-catenin protein and pro-
motes its transcriptional activity

To identify the B-catenin deubiquitinase in an
unbiased manner, we screened an open-read-
ing-frame (ORF) library of 68 human deubi-
quitinases [12, 15] by a pulldown assay (Figure
1A). We transiently co-transfected SFB (a tri-
ple-epitope tag containing S-protein, FLAG tag,

Am J Cancer Res 2018;8(9):1823-1836
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Figure 2. USP2a directly binds and deubiquitinates -catenin. A. HEK293T cells were co-transfected with SFB-USP2a
and MYC-B-catenin, followed by pulldown with S-protein beads and immunoblotting with antibodies against MYC and
FLAG. B. HEK293T cells were transfected with SFB-USP2a, followed by pulldown with S-protein beads and immu-
noblotting with antibodies against B-catenin and FLAG. C. HEK293T cells were co-transfected with SFB-USP2a and
MYC-B-catenin, followed by immunoprecipitation with a MYC-specific antibody and immunoblotting with antibodies
against FLAG and MYC. D. In vitro binding between purified GST-USP2a fusion protein and FLAG-tagged B-catenin.
Top panel: 1 ug of GST, GST-USP2a, or GST-USP2a%"* purified from bacteria was mixed with 1 pg of SFB-B-catenin
purified from HEK293T cells, followed by pulldown with glutathione sepharose beads and immunoblotting with a
FLAG-specific antibody. Bottom panel: purified recombinant proteins were analyzed by SDS-PAGE and Coomassie
blue staining. Ladder: pre-stained protein ladder. E. Top panel: schematic representation of full-length B-catenin and
its various deletion mutants. NTD, N-terminal domain; ARM, Armadillo repeat domain; CTD, C-terminal domain. Bot-
tom panel: HEK293T cells were co-transfected with SFB-USP2a and MYC-tagged full-length B-catenin or its deletion
mutants, followed by pulldown with S-protein beads and immunoblotting with antibodies against MYC and FLAG. V,
empty vector; Nt: B-catenin aa 1-140; ACt: B-catenin aa 1-664; FL: B-catenin full length; Ct: B-catenin aa 665-781. F.
Top panel: schematic representation of full-length USP2a and its truncation mutant. NTD, N-terminal domain; USP,
ubiquitin-specific protease domain. Bottom panel: HEK293T cells were co-transfected with MYC-B3-catenin and SFB-
tagged full-length USP2a or its deletion mutant, followed by pulldown with S-protein beads and immunoblotting with
antibodies against MYC and FLAG. V, empty vector; N266, USP2a aa 1-266; FL, USP2a full length. G. USP2a, but not
USP2a% deubiquitinates B-catenin in vivo. HEK293T cells were co-transfected with HA-ubiquitin, MYC-B-catenin,
and SFB-tagged GFP, USP2a, or USP2a%", After MG132 treatment for 6 hours, B-catenin was immunoprecipitated
with a MYC-specific antibody, followed by immunoblotting with antibodies against HA and MYC. H. USP2a, but not
USP2a%™* deubiquitinates B-catenin in vitro. Top panel: ubiquitinated MYC-B-catenin was purified with anti-MYC
beads from HEK293T cells co-transfected with MYC-B-catenin and HA-ubiquitin, and was incubated with GST-tagged
GFP, USP2a, or USP2a°®* purified from bacteria. After the in vitro deubiquitination reaction, the bound proteins
were eluted by boiling in Laemmli sample buffer and immunoblotted with antibodies against HA and MYC. Bottom

panel: purified recombinant proteins were analyzed by SDS-PAGE and Coomassie blue staining.

and streptavidin-binding peptide)-tagged deu-
biquitinases with MYC-tagged [-catenin into
HEK293T cells and pulled down the deubiquiti-
nases with S-protein beads. Immunoblotting
assays showed that B-catenin was pulled down
by 33 deubiquitinases (Figure 1A). Since nearly
half of the 68 deubiquitinases interacted with
B-catenin in the pulldown assay, we performed
a second screen using the TOPflash/FOPflash
reporter assay. If a deubiquitinase stabilizes
B-catenin, it should specifically increase the
activity of the TOPflash reporter containing tan-
dem TCF/LEF binding sites, relative to that of
the control FOPflash reporter containing mu-
tated TCF/LEF binding sites [19]. We found that
in HEK293T cells, overexpression of six deubig-
uitinases, including USP2a, USP26, USP36,
USP42, OTUD7B, and DUB3, specifically elevat-
ed B-catenin activity by more than 8-fold (z
score > 2, Figure 1B).

Because USP26 and USP42 did not interact
with B-catenin (Figure 1C), we investigated
whether USP2a, USP36, DUB3, and OTUD7B
are B-catenin deubiquitinases. First, we vali-
dated that all of them did activate (-catenin
using the TOPflash/FOPflash reporter assay
(Figure 1D). Consistent with the screening
result (Figure 1B), USP2a and DUB3 exhibited a
much stronger effect than USP36 and OTUD7B
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(Figure 1D). Next, to determine whether these
four deubiquitinases can promote B-catenin
deubiquitination in cells, we co-transfected
the deubiquitinases with MYC-B-catenin and
HA-ubiquitin into HEK293T cells and treated
the cells with MG132, a proteasome inhibi
tor. B-catenin was immunoprecipitated by anti-
MYC beads and its polyubiquitination was
detected by an HA-specific antibody. Whereas
both USP2a and DUB3 drastically reduced the
polyubiquitination of [-catenin (Figure 1E),
DUB3, but not other candidate deubiquitinas-
es, exhibited a strong inhibitory effect on global
protein ubiquitination (Figure 1E, input). In ad-
dition, when the four candidate deubiquitinas-
es were ectopically expressed in HEK293T
cells by transient transfection, only USP2a
increased the protein level of endogenous
B-catenin (Figure 1F), without altering its mMRNA
level (Figure 1G). Conversely, shRNA-mediated
stable knockdown of USP2a in the BT549
human breast cancer cell line decreased en-
dogenous B-catenin protein level (Figure 1H),
and re-expression of USP2a reversed the down-
regulation of B-catenin caused by USP2 shRNA
(Figure 1l), demonstrating that the shRNA
effect was specific to USP2a. Therefore, USP2a
is a B-catenin-interacting deubiquitinase that
positively regulates -catenin protein level and
activity.
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USP2a binds and deubiquitinates [3-catenin

We asked whether USP2a directly interacts
with B-catenin and acts as a bona fide B-catenin
deubiquitinase. First, SFB-USP2a or SFB-GFP
was transiently transfected with or without
MYC-B-catenin into HEK293T cells, and SFB-
USP2a or SFB-GFP was pulled down by
S-protein beads. We found that SFB-USP2a
was able to pull down both exogenous MYC-3-
catenin (Figure 2A) and endogenous [-catenin
(Figure 2B). Reciprocally, when MYC-B-catenin
was immunoprecipitated by anti-MYC beads,
SFB-USP2a could be co-immunoprecipitated
(Figure 2C), indicating that USP2a and [3-catenin
co-exist in a protein complex in vivo. Next, to
demonstrate direct interaction between USP2a
and B-catenin, we performed an in vitro GST-
pulldown assay using purified GST-tagged
USP2a and FLAG-tagged B-catenin, and found
that both wild-type USP2a and its catalytically
inactive mutant C276A [20, 21], but not the
GST control, were able to directly bind B-catenin
under a cell-free condition (Figure 2D).

B-catenin protein consists of the N-terminal
domain (NTD), the C-terminal domain (CTD),
and the central ARM domain (Armadillo repeats
1-12, which mediate the binding of B-catenin to
APC). To map the domain that is critical for the
interaction with USP2a, we transiently trans-
fected HEK293T cells with SFB-USP2a and
wild-type MYC-B-catenin or its fragments, in-
cluding the NTD (aa 1-140) and the C-terminal
domain deletion mutant (ACt, aa 1-664). We
pulled down SFB-USP2a by S-protein beads.
Both full-length B-catenin and the ACt mutant
(= NTD + ARM 1-12), but not the NTD fragment,
could bind to USP2a (Figure 2E), suggesting
that the ARM domain and/or the C-terminal do-
main are essential for the interaction with USP-
2a. To further identify the binding domain, we
performed the pulldown assay using the CTD
fragment (aa 665-781), which was unable to bi-
nd USP2a (Figure 2E). Thus, the ARM domain of
B-catenin mediates its interaction with USP2a.

USP2a protein consists of an N-terminal do-
main and a catalytic domain (USP domain). We
transiently transfected MYC-3-catenin with full-
length SFB-USP2a or its N-terminal domain
(N266, aa 1-266) into HEK293 cells, and pulled
down SFB-USP2a by S-protein beads. Only full-
length USP2a, but not its N-terminal domain,
could bind B-catenin (Figure 2F), suggesting
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that the USP domain of USP2a is responsible
for the binding of USP2a to B-catenin.

We sought to determine whether USP2a deu-
biquitinates B-catenin through its deubiquitin-
ase activity using both in vivo and in vitro deu-
biquitination assays (Figure 2G, 2H). First, we
transiently transfected HEK293T cells with
HA-ubiquitin, MYC-B-catenin, and SFB-USP2a
or its catalytically inactive mutant C276A, and
treated cells with 10 yM MG132. B-catenin
was immunoprecipitated by anti-MYC beads
and its polyubiquitination was detected by an
HA-specific antibody. As shown in Figure 2G,
wild-type USP2a, but not the C276A mutant,
which is still capable of binding to B-catenin
(Figure 2D), abrogated the polyubiquitination
of B-catenin, suggesting that the enzymatic
activity of USP2a is essential for the deubiquiti-
nation of B-catenin by USP2a. Next, to deter-
mine whether 3-catenin is a direct substrate of
USP2a, we purified GST-USP2a and ubiquitinat-
ed B-catenin and then incubated them in a
cell-free system. Wild-type USP2a purified from
bacteria, but not its enzyme-dead mutant
C276A, strongly deubiquitinated B-catenin in
vitro (Figure 2H). Taken together, these data
suggest that USP2a directly binds and deubig-
uitinates B-catenin.

USP2a stabilizes B-catenin

To determine whether USP2a stabilizes B-ca-
tenin protein, we transiently transfected HEK-
293T cells with MYC-B-catenin and SFB-USP2a
or SFB-GFP, treated the cells with 100 ug/ml
cycloheximide (CHX), an inhibitor of protein syn-
thesis, and determined MYC-B-catenin levels
at different time points post CHX treatment
by Western blotting. In HEK293T cells, overex-
pression of USP2a increased both the stea-
dy-state level and the half-life of ectopically
expressed [3-catenin protein (Figure 3A).

To determine whether USP2a regulates endog-
enous B-catenin protein level and its half-life,
we transiently transfected the MDA-MB-231
human breast cancer cell line with USP2a and
found that ectopic expression of USP2a in-
creased the stability of endogenous [-catenin
three days after transfection (Figure 3B). Mo-
reover, we transiently transfected BT549 bre-
ast cancer cells with USP2 shRNA and four
days after transfection, we found that the sta-
bility of endogenous B-catenin was substantial-
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Figure 3. USP2a stabilizes B-catenin. (A) Top panel: HEK293T cells were co-transfected with MYC-B-catenin, MYC-
GFP, and SFB-tagged GFP or USP2a, treated with 100 pg/ml cycloheximide (CHX), harvested at different time
points, and then immunoblotted with antibodies against MYC, B-actin, and FLAG. MYC-GFP serves as the control for
transfection. Bottom panel: quantification of B-catenin protein levels (normalized to MYC-GFP). (B) Top panel: MDA-
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MB-231 cells were transfected with the control vector (pLOC-RFP) or USP2a (pLOC-USP2a), treated with 100 ug/ml
cycloheximide (CHX), harvested at different time points, and then immunoblotted with antibodies against USP2a,
B-catenin, and CypB. Bottom panel: quantification of B-catenin protein levels (normalized to CypB). (C) Top panel:
BT549 cells were transfected with USP2 shRNA (#1 or #2), treated with 100 uyg/ ml CHX, harvested at different time
points, and then immunoblotted with antibodies against USP2, B-catenin, and HSP9O. Bottom panel: quantification
of B-catenin protein levels (normalized to HSP9O). (D and E) HEK293T cells were co-transfected with HA-ubiquitin,
MYC-B-catenin, and SFB-tagged GFP (D) or USP2a (E). Cells were pretreated with ML364 (0O, 3, 10, or 30 uM) for
4 hours and then treated with 10 uM MG132 in the presence of ML364 for 6 hours. B-catenin was immunopre-
cipitated with anti-MYC beads, followed by immunoblotting with antibodies against HA and MYC. (F) HEK293T cells
were transfected with HA-ubiquitin, pretreated with O, 3, or 10 uM ML364 for 24 hours, and then treated with 10
UM MG132 in the presence of ML364 for 6 hours. Polyubiquitinated proteins were immunoprecipitated with anti-HA
beads, followed by immunoblotting with antibodies against B-catenin and HA. (G) HEK293T cells were co-transfect-
ed with SFB-USP2a and MYC-B-catenin and treated with ML364 (0, 3, or 10 uM) for 24 hours, followed by pulldown
with S-protein beads and immunoblotting with antibodies against MYC and FLAG. (H) Immunoblotting of B-catenin,

USP2a, and CypB in BT549, LM2, and HCC1806 cells treated with ML364 at the indicated doses.

ly decreased by two independent USP2 shRNAs
(Figure 3C).

Recently, a small-molecule inhibitor, ML364,
was identified as a specific USP2 inhibitor [22].
We co-transfected HEK293T cells with MYC-[3-
catenin and HA-ubiquitin, treated the cells with
3 UM ML364 and the proteasome inhibitor
MG132, and examined the ubiquitination sta-
tus of B-catenin. We found that 3 yM ML364
treatment increased B-catenin polyubiquitina-
tion (Figure 3D); when we overexpressed
USP2a in this system, a higher concentration
of ML364 (10 pM) was needed to increase
B-catenin ubiquitination (Figure 3E), suggest-
ing that the increased ubiquitination of B-ca-
tenin was due to inhibition of USP2. In addi-
tion, to determine the effect on the ubiquitina-
tion of endogenous B-catenin, we transfected
HEK293T cells with HA-ubiquitin and treated
the cells with MG132. Total ubiquitinated pro-
teins were immunoprecipitated by anti-HA be-
ads and ubiquitinated B-catenin was detect-
ed by a B-catenin-specific antibody. We found
that ML364 treatment increased the level of
ubiquitinated B-catenin (Figure 3F). Interest-
ingly, when we used S-protein beads to perform
a pulldown assay in HEK293T cells transfect-
ed with SFB-tagged USP2a and MYC-tagged
B-catenin, we found that ML364 treatment
inhibited the interaction between USP2a and
B-catenin in a dose-dependent manner (Figure
3G). Notably, in breast cancer cell lines BT549,
LM2, and HCC1806, chemical inhibition of
USP2 with ML364 decreased B-catenin protein
levels in a dose-dependent manner without
altering the expression of USP2a (Figure 3H),
suggesting that pharmacological inhibition of
USP2 could be a new strategy for destruction of
B-catenin in cancer cells.
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USP2a promotes the activity of Wnt/B-catenin
signaling

We asked whether USP2a regulates Wnt/[3-
catenin signaling. First, we transiently trans-
fected HEK293T cells with SFB-USP2a and per-
formed a fractionation assay. In control HEK-
293T cells, B-catenin protein was localized in
the cytoplasm, and overexpression of USP2a
resulted in not only upregulation of total
B-catenin but also accumulation of nuclear
B-catenin (Figure 4A). Next, we validated the
effect of USP2a on [-catenin activity using
the TOPflash/FOPflash assay and found that
wild-type USP2a, but not the C276A mutant,
markedly induced the TOPflash luciferase activ-
ity (Figure 4B). Moreover, we transfected HEK-
293T cells with USP2a, treated the cells with
the USP2 inhibitor ML364, and measured
B-catenin activity. Consistently, ML364 treat-
ment decreased the TOPflash (relative to
FOPflash) luciferase activity in HEK293T cells
with or without USP2a overexpression (Figure
4C).

To further investigate the effect of USP2a on
Wnt/B-catenin signaling, we determined wheth-
er USP2a regulates the expression of 3-catenin
target genes by using a qPCR array, which pro-
files the expression of 84 key genes responsive
to Wnt/B-catenin pathway activation. We trans-
fected HEK293T cells with USP2a and found
that 57 out of 84 genes on the array were
upregulated by more than 2-fold (Figure 4D).
We then validated the effect of USP2a on the
top seven upregulated genes from the gPCR
array analysis, including BIRC5, CUBN, FGF7,
CDON, BTRC, ANTXR1, and IGF2. To do so, we
transiently transfected HEK293T cells with
USP2a or its enzyme-dead mutant C276A and
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Figure 4. USP2a activates Wnt/B-catenin signaling. A. Immunoblotting of FLAG-USP2a, B-catenin, HSP9O0 (cytoplas-
mic marker), and Lamin B1 (nuclear marker) in cytoplasmic and nuclear fractions of HEK293T cells transfected
with the empty vector or SFB-USP2a. B. Top panel: either B-catenin-responsive TOPflash or its mutant FOPflash
construct was co-transfected with SFB-tagged GFP, USP2a, or USP2a®?®* and Renilla luciferase into HEK293T cells.
A dual luciferase assay was used to determine -catenin activity. Firefly luciferase activity was normalized to Renilla
luciferase activity. Error bars are S.D. **: P < 0.01. Bottom panel: immunoblotting of SFB-USP2a, SFB-USP2a%27¢A,
and CypB in HEK293T cells. T: TOPflash; F: FOPflash. C. Top panel: either B-catenin-responsive TOPflash or its mu-
tant FOPflash construct was co-transfected with the SFB vector or SFB-USP2a and Renilla luciferase into HEK293T
cells. Cells were treated with DMSO or 3 pM ML364 for 24 hours. A dual luciferase assay was used to determine
B-catenin activity. Firefly luciferase activity was normalized to Renilla luciferase activity, and then TOPflash reads
were normalized to FOPflash reads. Error bars are S.E.M. *: P < 0.05; **: P < 0.01. Bottom panel: immunoblotting of
SFB-USP2a and CypB in HEK293T cells. D: DMSO; M: ML364. D. Human Wnt signaling targets PCR array analysis of
HEK293T cells transfected with SFB-USP2a. Gene expression levels in SFB-USP2a-transfected cells were compared
to those in empty vector-transfected cells (log2 scale). E. gPCR of BIRC5, CUBN, FGF7, CDON, BTRC, ANTXR1, and
IGF2 in HEK293T cells transfected with the empty vector, SFB-USP2a, or SFB-USP2a®, Error bars are S.E.M. *:
P < 0.05; **: P < 0.01; ***: P < 0.001. F. gPCR of BIRC5, CUBN, FGF7, CDON, BTRC, ANTXR1, and IGF2 in BT549
cells transduced with USP2 shRNAs or a scramble control (Scr). Error bars are S.E.M. *: P < 0.05; **: P < 0.01; ***;
P < 0.001; #: not detectable.
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determined the expression of these seven
genes by individual qPCR assays. We found
that wild-type USP2a, but not the C276A
mutant, significantly increased the mRNA lev-
els of these seven genes (Figure 4E). In addi-
tion, we stably knocked down USP2a in BT549
cells and measured the expression of these
seven genes by gqPCR. Among these seven
B-catenin targets, three genes (CUBN, FGF7,
and IGF2) were not detectable in BT549 cells,
while the mRNA levels of BIRC5, CDON, BTRC,
and ANTXR1 were significantly decreased upon
knockdown of USP2a (Figure 4F). Taken togeth-
er, our data suggest that USP2a not only stabi-
lizes B-catenin but also promotes the activity of
Wnt/[B-catenin signaling.

Discussion

The canonical Wnt signaling pathway is activat-
ed in multiple types of cancer, including colorec-
tal cancer and breast cancer [1]. The Wnt path-
way effector B-catenin can be stabilized in
tumors via overexpression of Wnt ligands,
downregulation of Wnt antagonists, loss of the
APC tumor suppressor, and other mechanisms
[23]. Upon its stabilization, B-catenin protein
accumulates in the nucleus where it activates
gene expression by associating with the TCF
family of transcription factors. In human breast
cancer where Wnt/B-catenin signaling is often
activated, mutations in APC, Axin, or -catenin
are usually absent [24]. One possibility is that
dysregulation of proteolytic ubiquitination in
the absence of genetic alterations may play a
major role in B-catenin signaling activation in
breast cancer.

It has been recently reported that three deubig-
uitinases, USP47, USP9X, and USP20, promote
B-catenin deubiquitination [25-27]. In our inter-
action screen, USP47 did not stand out as a
B-catenin-interacting deubiquitinase (Figure
1A). In addition, compared with the six candi-
date deubiquitinases identified in our reporter
screen, USP47 had a minor effect on B-catenin
activity without Wnt stimulation (Figure 1B),
suggesting that USP47 may not play a major
role in regulating basal B-catenin activity in our
screening system, or that the regulation of
B-catenin by USP4A7 may be cell-type specific.
Yang et al. identified USP9X as a deubiquitin-
ase that stabilizes B-catenin, enhances Wnt
signaling, and promotes glioma cell prolifera-
tion [26]. However, the role of USP9OX in cancer
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is highly tissue-type dependent. On one hand,
USPOX stabilizes MCL1 and promotes lympho-
ma cell survival [28]. On the other hand, USP9X
is a tumor suppressor in pancreatic cancer [29,
30], raising caution about targeting USP9X
as a therapeutic strategy. USP20 was recently
reported as a B-catenin deubiquitinase that
promotes tumorigenesis and chemoresistance
[27]. In our screen, we also found that USP20
interacted with B-catenin (Figure 1A); however,
USP20 did not stood out in our reporter screen,
because it increased the TOPflash signal by
only ~4-fold while increasing the FOPflash sig-
nal by ~2-fold (Figure 1B). A possible explana-
tion is that different screening systems, includ-
ing assays, cell lines, and data analysis
methods, may yield different top candidates.

USP2 is overexpressed in human breast tumors
and has been shown to promote migration and
invasion of triple-negative breast cancer (TNBC)
cells [31]. Several proteins have previously
been identified as the USP2 substrates. For
instance, USP2a can stabilize MDM2 [32], fatty
acid synthase [33], EGFR [34], RIP1 [35], and
TRAF2 [36]. Because USP2a regulates key sig-
naling molecules in cancer, it has attracted
growing interests for its therapeutic potential
[22, 37]. In the present study, we identified
USP2a as a bona fide B-catenin deubiquitinase
that deubiquitinates and stabilizes (B-catenin.
Whether USP2a promotes breast tumorigene-
sis and metastasis through stabilization of
B-catenin warrants future investigation. Im-
portantly, here we found that genetic depletion
or pharmacological inhibition of USP2 in TNBC
cells destabilized B-catenin, suggesting that
USP2 may serve as a novel therapeutic target
of Wnt/B-catenin signaling in certain cancers
such as TNBC.
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