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B-catenin is a key signal transducer in the canonical WNT pathway and is negatively regu-
lated by ubiquitin-dependent proteolysis. Through screening of various deubiquitinating
enzymes (DUBs), we identified ubiquitin specific protease 4 (USP4) as a candidate for p-cat-
enin-specific DUB. The effects of USP4 overexpression or knockdown suggested that USP4
positively controls the stability of B-catenin and enhances B-catenin-regulated transcrip-
tion. Domain mapping results revealed that the C-terminal catalytic domain is responsible
for B-catenin binding and nuclear transport. Examination of colon cancer tissues from pa-
tients revealed a correlation between elevated expression levels of USP4 and B-catenin.
Consistent with this correlation, USP4 knockdown in HCT116, a colon cancer cell line,
reduced invasion and migration activity. These observations indicate that USP4 acts as a
positive regulator of the WNT/B-catenin pathway by deubiquitination and facilitates nu-
clear localization of B-catenin. Therefore, we propose that USP4 is a potential target for
anti-cancer therapeutics.
© 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights
reserved.

1. Introduction

WNT signaling pathway is involved in many important
cellular events including cell movement, cell maintenance,

and control of cell polarity during embryonic development
(Clevers, 2006; Komiya and Habas, 2008). A recent report
also showed that WNT pathway plays an important role in
self-renewal of embryonic stem cells (Holland et al., 2013).

Abbreviations: WNT, wingless-type; Ub, ubiquitin; DUB, deubiquitinating enzyme; USP, ubiquitin-specific protease; CK1a, casein ki-
nase la; APC, adenomatous polyposis coli; GSK3B, glycogen synthase kinase 3.
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The canonical WNT signaling pathway is composed of
several key components: WNT, an extracellular signaling
protein; Frizzled (Fz) and Low-density lipoprotein receptor-
related protein 5 or 6 (LRP5/6), cell surface receptors; and -
catenin, a signal transducing transcriptional activator. In
the absence of WNT stimulation, cytosolic B-catenin is main-
tained at low levels due to ubiquitin (Ub)-dependent protea-
somal degradation, which is mediated by casein kinase 1a
(CK1a) and a destruction complex composed of adenomatous
polyposis coli (APC), Axin, and glycogen synthase kinase 3B
(GSK3B). In this complex, B-catenin is phosphorylated at
S45 by CKla, and subsequently by GSK3B at residues S33,
S37, and T41. Phosphorylated B-catenin is recognized by
the SCF*TRCP (Skp1-Cullin1-F box) complex, an Ub ligase
(E3) which links ubiquitin to K19 and K49 of B-catenin.
The destruction complex promotes the proteasomal
degradation of polyubiquitinated B-catenin. Consequently,
WNT signaling is negatively regulated by the ubiquitin-
proteasome system (UPS).

The binding of WNT ligands (WNT1 and WNT3a) to their
receptors disrupts the function of the destruction complex,
which enables B-catenin to translocate and accumulate in
the nucleus. p-Catenin works in concert with TCF/LEF-1 (T
cell specific transcription factor/Lymphoid enhancer-binding
factor 1) to turn on the expression of target genes such as c-
Myec, Cyclin D1, and Axin. WNT signaling is elaborately regu-
lated at multiple levels by various intra- and extracellular sig-
nals. Misregulation of the WNT/B-catenin signaling pathway
is correlated with various diseases. In particular, disruption
of WNT/B-catenin signaling causes unregulated cell prolifera-
tion and cancer. Therefore, B-catenin is considered as a target
for novel cancer therapeutics (Watanabe and Dai, 2011;
Anastas and Moon, 2013). The molecular mechanisms leading
to misregulation of WNT signaling and their relevance to can-
cer pathogenesis have been well characterized in colon can-
cers (Burgess et al, 2011). Mutations in APC, the most
common cause of colon cancers, abolishes Axin binding and
ubiquitination of B-catenin. Mutations in Axin and B-catenin
were also found in colon cancers; though they are not as
frequent as APC mutations (Liu et al., 2000; Morin et al.,
1997). It is well established that B-catenin is associated with
cancer progression, but it is required for the development of
anti-cancer therapies that target oncogenic p-catenin to un-
ravel the delicate mechanism by which its activity and stabil-
ity are regulated.

Cellular stability of proteins is negatively controlled by
ubiquitination. K48-linked ubiquitination which is mediated
by Ub-activating enzyme (E1), Ub-conjugating enzyme (E2),
and Ub-ligases (E3) directs target proteins to the proteasome
for degradation. The removal of Ub-chains by deubiquitinat-
ing enzymes (DUBs), on the other hand, increases the stabil-
ity of the protein. The WNT/B-catenin signaling pathway is
known to be modulated at the protein level by various
DUBs. UBPY/USPS8 positively regulates the pathway by modi-
fying Frizzled (Mukai et al., 2010), whereas USP34 deubiqui-
tinates Axin and consequently works as a negative
regulator of the WNT pathway (Lui et al., 2011). CYLD, a fa-
milial cylindromatosis tumor suppressor, has also been sug-
gested to work as a negative regulator of WNT/B-catenin
signaling through the deubiquitination of Dishevelled

proteins (Dvl) (Tauriello et al., 2010). Ub-dependent protea-
somal degradation of B-catenin is thought to be the most
critical control of canonical WNT pathway. Therefore, one
would expect that there might be a specific deubiquitination
mechanism for B-catenin. In other prospect, DUB of B-cate-
nin could stabilize pB-catenin and help to positively regulate
WNT/B-catenin signaling pathway. At present, FAM/USP9X
and ubiquitin carboxyl-terminal hydrolase isozyme L1
(UCH-L1) are considered as candidate DUBs for B-catenin
(Taya et al., 1999; Bheda et al., 2009). However, their roles
in WNT/B-catenin signaling pathway and physiological rele-
vance to cancer have not been clearly elucidated. Often the
fine control of essential signaling pathways involves multi-
ple regulators as in the case of p53 which is regulated by
USP7 and USP10 (Lee and Gu, 2010; Li et al.,, 2002; Yuan
et al., 2010). Therefore, we have hypothesized that an un-
known DUB(s) may positively regulate WNT/B-catenin, and
they are physiologically relevant to cell proliferation and
cancer progression.

To identify a B-catenin-specific DUB, we examined deubi-
quitination of B-catenin in the presence of various DUBs.
Among them, USP4 was shown to deubiquitinate phosphory-
lated B-catenin, and further investigated as a candidate DUB
for B-catenin. In previous reports, USP4 was found to deubi-
quitinate Ro52 (Wada and Kamitani, 2006), ARF-binding pro-
tein 1 (ARF-BP1) (Zhang et al.,, 2011), TNF-receptor-associated
factor (TRAF) (Xiao et al., 2012), TGF-beta activated kinase 1
(TAK1) (Fan et al., 2011) and pyruvate dehydrogenase kinase
isozyme 1 (PDK1) (Uras et al., 2012), and also to form a complex
with the S9/Rpn6 subunit, a molecular clamp of the protea-
some (Zhao et al., 2012). It is interesting that USP4 has been
proposed to be involved in WNT signaling through the deubi-
quitination of nemo-like kinase (NLK) and TCF (Zhao et al,,
2009). However, the cellular function of USP4 and its relation-
ship to WNT signaling remains largely unclear.

In this study, we investigated the role of USP4 in modu-
lating WNT signaling as a B-catenin-specific DUB, and sug-
gested a regulatory mechanism. Our results show that USP4
works as a positive regulator of the WNT/B-catenin signaling
pathway primarily by enhancing the stability of B-catenin
through deubiquitination and by moderate effect on translo-
cation of B-catenin to the nucleus. We also found that USP4
levels are elevated in correlation with B-catenin in colorectal
cancers. These data collectively propose that USP4 is a poten-
tial oncogene.

2. Materials and methods
2.1. Cell culture and transfection

293T and HCT116 cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% heat-inactivated
FBS (Gibco) containing penicillin-streptomycin (Welgene).
Cells were incubated in a humid incubator at 37 °C (95% O,
and 5% CO,) and maintained in a subconfluent state, unless
otherwise indicated. Plasmids were transfected into cells us-
ing ExGen500 and TurboFect reagents (Fermentas), according
to the manufacturer’s protocol. After incubation for 48—72 h,
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the cells were harvested and analyzed by immunoblotting or
reporter assay.

2.2. Wnt3a-CM

Wnt3a-conditioned media (Wnt3a-CM) and control-
conditioned media (Control-CM) were prepared according to
ATCC instructions. Briefly, Wnt3a-producing L cells and con-
trol L cells were cultured in 100 mm dishes until confluent,
and then all cells were used to seed a T75 flask. Medium was
exchanged 24 h later and the medium was collected after an
additional 24 h. Both Wnt3a-CM and Control-CM were filtered
using a 0.45 micron filter and stored —80 °C until required for
experiments.

2.3. Plasmids

Full-length and deletion mutants of USP4 were cloned into
PDEST-CMV6 with the SRT tag (TFIGAIATDT) at the N-termi-
nus (Lee et al., 2001). The catalytic residue mutant (USP4
C311A) and the deletion mutants, USP4 AMT-1 (lacking
76QPQKKKK’’®) and USP4 AMT-2 (lacking ***KKKP*'® and
76QPQKKKK’’®), were generated using PCR mutagenesis
(Figure 5). The Myc-B-catenin expression plasmid, TOP flash
and FOP flash reporter plasmids were kindly provided by
Prof. Choi CY (Sungkyunkwan University, Korea).

2.4. USP4 knockdown

Small interfering RNAs (siRNAs) were transfected into cells
using G-fectin (Genolution Pharmaceuticals Inc.) or Lipofecta-
mine®RNAIMAX reagent (Invitrogen), according to the manu-
facturer’s protocol. Two USP4 siRNAs were used: siRNA-1 (5'-
CCAUUUCUGCUUGGCUGUCUCCUUU-3, Milojevic et al,
2006) and siRNA-2 (5-CUGCAUAUGCGAAGAACAA-3, Xiao
et al., 2012).

2.5. Reverse transcription PCR (RT-PCR) and real time
PCR (qPCR)

Total RNA was isolated from cultured cells using Trizol® Re-
agent (Invitrogen), according to the manufacturer’s protocol.
Reverse transcription of RNA into cDNA was carried out using
2 ng of RNA incubated for one hour at 42 °C and primed with an
oligo (dT) primer (Clontech Laboratories, Inc). Quantitative
real-time PCR (qPCR) was performed using the Thermal Cycler
Dice™ Real Time System TAKARA TP800 with SYBR Green PCR
master mix (Takara). PCR amplification was performed for
40 cycles of 94 °C for 5 s and 60 °C for 30 s. Relative quantifica-
tion of mRNA was determined using the AACt method using
TP800 software (Takara) and levels were normalized to
GAPDH. The following primers were used in PCR: USP4, 5'-
TACTAAACTGGTACGGCTGTGT-3'and 5'-GGGATGTTGAATAG
CTTCCGC-3'(Primer bank, NM_199443); Cyclin D1, 5'-ATGGAA-
CACCAGCTCCTGTGCTGC-3'and 5'-TTCCTCGCAGACCTCCAG-
CATCC-3(NM_053056.2); Axin2, 5-CCTGCCACCAAGACCTA
CAT-3, and 5-GTTTCCGTGGACCTCACACT-3'(NM_004655); B-
catenin, 5-AAAGCGGCTGTTAGTCACTGG-3/, and 5'-CGAGT-
CATTGCATACTGTCCAT-3'(Primer bank, NM_001098209);
GAPDH, 5-CTGGTAAAGTGGATATTGTTGCCAT-3', and 5'-

TGGAATCATATTGGAACATGTAAACC-3' (NM_002046.4). Each
experiment repeated three times independently, unless
otherwise mentioned.

2.6. Luciferase reporter assay

293T cells were seeded at 1 x 10° cells per well in 12-well plates
and cultured overnight. The cells were transfected for 24—48 h
using transfection reagent (Fermentas) with the indicated
plasmids along with the T cell factor (TCF) reporter plasmid
(TOP flash) which contains the TCF binding site driving the
expression of the firefly luciferase gene. FOP flash containing
mutated TCF binding sites and Renilla luciferase reporter vec-
tors were used as controls. The control plasmids were added
to maintain equal amounts of total DNA in each transfection.
After 48 h post-transfection, cells were collected for dual spe-
cific luciferase reporter assays. Luciferase activity was
measured according to the manufacturer’s protocol (Prom-
ega). To calculate the relative luciferase activity, firefly lucif-
erase activity was divided by Renilla luciferase activity.

2.7. Immunoblot analysis and immunoprecipitation

Cells were cultured, harvested in ice-cold PBS, and solubilized
in RIPA lysis buffer (50 mM Tris, 50 mM NaCl, 0.5% Triton X-
100, and 1 mM EGTA) supplemented with protease inhibitors
(1 mM PMSF, 1 ug/ml aprotinin, 1 pg/mlleupeptin, 1 pg/ml pep-
statin, and 1 mM DTT). Cell debris was removed by centrifuga-
tion at 13,000 rpm for 10 min and the clarified samples were
collected. Samples were mixed with 5x sample buffer
(187.5 mM Tris—HCl, pH 6.5, 6% SDS, 30% glycerol, 150 mM
DTT, and 0.03% bromophenol blue) and boiled for 10 min.
The protein concentration was estimated using the Bradford
method (Bio-Rad). The samples were separated on 8 or 10%
SDS-PAGE gels and transferred onto PVDF membranes (GE
Healthcare Life Science). The membranes were washed with
0.05% Tween 20 in TBS (140 mM NacCl, and 20 mM Tris, pH
7.4) and blocked with 5% skim milk. Immunoblotting was per-
formed with specific antibodies according to the manufac-
turer’s instructions. Immunoblotting antibodies used for B-
catenin, USP4, ubiquitin, and B-actin detection were pur-
chased from Santa Cruz, Cyclin D1 from Abcam, HA from
R&D system, and GAPDH from Cell Signaling. The antibody
against the SRT-tag was made in the animal facility at Sung-
kyunkwan University School of Medicine (Korea). To observe
the linkage type of Ub, immunoblotting was performed using
the chain-specific ubiquitin antibodies which detect K48-
(Abcam) and K63- (Enzo Life Sciences) linked ubiquitins,
respectively. Immunoblots were quantified by densitometric
analyses with normalization against a loading control. For
immunoprecipitation, USP4 antibody was purchased from
Bethyl Laboratories. The immunoblotted membranes probed
with the HRP-conjugated antibody were developed using ECL
solution (ELPIS-Biotech) and exposed to X-ray film or analyzed
with the luminescent image analyzer, LAS-3000 (Fujifilm). For
immunoblotting of the ubiquitinated proteins, harvested cells
were boiled for 10 min with denaturation buffer (1% SDS,
5 mM EDTA, 10 mM DTT, 15 U/ml DNase I) and mixed with
the cell lysis buffer (20 mM Tris, pH 7.5, 150 mM NacCl, 1 mM
EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium
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pyrophosphate, 1 mM B-glycerophosphate, 1 mM NazVO,, pro-
tease inhibitor cocktail, Sigma P8340). The cell lysates were
incubated overnight with Agarose A beads (GE Healthcare
Life Science) with Ub-antibodies. Beads were washed with
cell lysis buffer and boiled with 3x sample buffer for SDS
analysis.

2.8. Preparation of subcellular fractions

For the separation of the nuclear and cytoplasmic fractions,
cells were scraped, washed with cold PBS and resuspended
in a hypotonic buffer (50 mM HEPES, pH 7.5, 10 mM KCl,
1.5 mM MgCl,, 1 mM EDTA, 1 mM NazVOy,, 50 mM NaF, 1 mM
PMSF, and protease inhibitors cocktail) on ice for 20 min.
The cytosolic fraction was obtained by centrifugation at
800 x g for 5 min. For acquiring the nuclear fractions, the pel-
lets were washed with the hypotonic buffer and resuspended
in the hypotonic buffer containing 1% Triton X-100 and
150 mM NacCl. After ice incubation for 20 min, the mixture
was sheared by passing 10 times through a 26-gauge needle
and centrifuged at 100,000 x g for 20 min. The supernatants
were used for nuclear fraction. All fractionated samples
were boiled with 5x sample buffer for 10 min, and then loaded
on 8% SDS-PAGE for immunoblotting. Lamin B (Santa Cruz, M-
20) and a-tubulin (Santa Cruz, 10D8) were used as nuclear and
cytosolic markers, respectively.

2.9. Invasion assay

HCT116 cells were seeded into 6-well plates in DMEM with 10%
FBS. On the following day, cells were transfected with siRNA
and cultured for 24 h before being used in the invasion assay.
The invasion assay was performed in a 24-well invasion
chamber with an 8 um pore size polycarbonate membrane, ac-
cording to the manufacturer’s instruction (Millipore). Cham-
bers were rehydrated for 2 h at room temperature. Then,
5 x 10° cells in 300 pl serum-free media were placed into the
upper chamber while the lower chamber was filled with
500 pl media containing 10% FBS. After incubation at 37 °C
for 48 h, non-invading cells present on the membrane surface
were removed and cells on the lower surface of the membrane
were stained. The stained cells were counted by microscopic
observation.

2.10. Migration assay

HCT116 cells were transfected with USP4 siRNA for 24 h and
starved in serum-free media for 24 h before being used in
the migration assay. The migration assay was performed for
20 h according to the manufacturer’s instruction (Millipore).
After non-migrated cells were removed, cells that had
migrated were stained. The stained cells were counted by
microscopic observation.

2.11. Immunostaining

293T cells were seeded on glass coverslips in 12-well plates
and transfected with the corresponding plasmids the next
day. After 48 h incubation, the cells were fixed with 3.7% para-
formaldehyde for 30 min, permeabilized by 0.1% Triton X-100

in PBS (T-PBS) for 15 min, and blocked with 1% BSA in T-PBS
for 30 min. The cells on coverslips were incubated with pri-
mary antibodies overnight at 4 °C. After washing with T-PBS,
the cells were incubated with secondary antibodies at RT for
2 h. FITC-conjugated anti-mouse antibody and Alexa Fluor®
564-conjugated anti-rabbit antibody (Invitrogen) were used
for immunodetection. The cells were washed again and
mounted with Vectashield medium with DAPI (Vector Lab).
Immunostained cells were analyzed by a fluorescence micro-
scope (ZEISS).

2.12. Preparation of tissue samples and RT-PCR

Human samples were obtained from the Chonnam National
University Hwasun Hospital (Korea) and the use of these spec-
imens was authorized by the Institutional Review Board of
the Catholic University of Korea, College of Medicine
(MC13SISI10140). Consent was obtained from the patients to
use the tissue specimens for research purposes. Freshly frozen
colorectal adenocarcinomas derived from primary resection
specimens were prepared to analyze the expression level of
USP4. Corresponding normal colonic tissues derived from the
same patients were also prepared as paired samples. Total
RNA was isolated from the 30 paired tissues (normal and tu-
mor) using Trizol (Invitrogen). cDNA was synthesized using
SuperScript III reverse transcriptase (Invitrogen) and RT-
gPCR was performed using power SYBR®Green PCR Master
Mix (Applied Biosystems, USA). The primers used in this study
were as follows: USP4, 5'-CCTGGGCTCTGTGGACTTG-3' and 5'-
TGTTGATTTCGGCTTCATACTC-3'; B-catenin, 5-CTTGGACT-
GAGACTGCTGATCTTG-3' and 5'-CACCAGAGTGAAAAGAAC-
GATAGCTA-3'; Cyclin D1, 5-CCGTCCATGCGGAAGATC-3' and
5-ATGGCCAGCGGGAAGAC-3’; GAPDH; 5 -CTGGTAAAGTGGA-
TATTGTTGCCAT-3, and 5-TGGAATCATATTGGAACATG-
TAAACC-3'. The quantity of each mRNA was normalized
using a GAPDH mRNA standard and the data are represented
as fold change between normal and tumor samples. Chi-
square test was used for calculating the p-value.

2.13. Immunohistochemistry

Expression of the indicated proteins in colon cancers was
evaluated by immunohistochemistry using tissue microarray
slides from Super Bio Chips (Korea) that contained evaluable
specimens derived from 40 primary invasive colon cancers,
10 distant metastases, and 10 normal adjacent-to-cancer sam-
ples. For detection of the indicated proteins, the Ventana
BenchMark XT’s UltraView DAB kit was used to detect the
target antigens in tissue using a chromogenic substrate
(DAB). Primary antibodies against anti-B-catenin (1:800) and
USP4 (1:50) were purchased from Santa Cruz. The scoring
criteria for immunohistochemistry were as follow; negative,
no staining or <5% tumor cells with staining; weak positive,
<30% tumor cells with faint staining; strong positive, >30% tu-
mor cells with strong staining.

2.14. Statistical analysis

Results were normalized by control value and represented as
mean =+ standard error of mean. All experiments were
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repeated at least three times, unless otherwise mentioned.
Statistical comparisons between groups were determined by
Student’s t-test. If p-values are less than 0.05, they are consid-
ered to be statistically significant and indicated in the graph.

3. Results

3.1 USP4 positively controls the stability of 3-catenin by
deubiquitination

The initial screening was performed for DUBs that have strong
deubiquitination activity in 293T cells. The amount of total
ubiquitinated proteins was monitored by immunoblotting af-
ter transfection of DUB-encoding plasmids (Supplementary
Figure 1A). Among the tested DUBs, USP3, 4, 7, 11, and 18
showed high DUB activity, as seen from the decreased HA-
Ub bands (Supplementary Figure 1A). Subsequently they
were subjected to DUB assay using phospho-p-catenin as a
substrate. We first confirmed the proteasomal degradation
of phospho-B-catenin by examining changes in the levels of
ubiquitin-conjugated phospho-B-catenin and total p-catenin
by the treatment of MG-132, a proteasome inhibitor
(Supplementary Figure 1B). Then, the level of ubiquitinated
phospho-B-catenin was the whole cell
lysates of DUB-expressing cells after MG132 treatment
(Supplementary Figure 1C). In USP4-transfected cells, the
high molecular weight bands corresponding to polyubiquiti-
nated phospho-p-catenin were significantly diminished, sug-
gesting that USP4 has DUB activity for B-catenin. We further
investigated the physical interaction between B-catenin and
USP4 through co-immunoprecipitation. The interaction of
endogenous B-catenin and USP4 was confirmed in 293T and
HCT116 cells, a colon cancer cell line harboring stable B-cate-
nin that has a mutation at S45 phosphorylation site
(Figure 1A). Also the transfected SRT-tagged USP4 was shown
to interact with both endogenous and transfected exogenous
B-catenin (Supplementary Figure 1D).

USP4 is a cysteine protease, and C311 has been identified as
the catalytic cysteine by bioinformatic analyses. Therefore, a
USP4 mutant bearing a Cys-to-Ala substitution at 311
(C311A) was generated as a catalytically defective mutant for
comparison with wild-type. To verify the DUB activity of
USP4 on B-catenin and confirm the role of C311, the ubiquiti-
nation level of B-catenin was compared by anti-ubiquitin anti-
body in cells transfected with wild-type and mutant USP4
under denaturing (Figure 1B) and non-denaturing conditions
(Supplementary Figure 1E). The high molecular-weight B-cate-
nin bands corresponding to ubiquitinated forms clearly
diminished in cells transfected with SRT-USP4. However,
these bands were virtually unaffected by C311A USP4, sug-
gesting that C311 is the key catalytic residue for the deubiqui-
tination of B-catenin. C311A mutant was shown to retain the
B-catenin binding activity (Supplementary Figure 1F). These
results suggest that USP4 mediates the deubiquitination of
B-catenin and C311 is essential as a catalytic residue. To
further characterize the chain-specificity of DUB activity of
USP4,the immunoprecipitated proteins were immunoblotted
using the antibody specific to K48-linked Ub chains

examined in

(Supplementary Figure 1G). USP4-catalyzed removal of K48-
linked Ub from B-catenin was confirmed in both denaturation
and non-denaturation conditions.

Since K48-linked poly-Ub chains are responsible for Ub-
dependent proteasomal degradation, we expected that USP4
contributes to the control of B-catenin stability and cellular
abundance. To investigate the function of USP4 relevant to
the stability of B-catenin, USP4 and B-catenin expression plas-
mids were co-transfected into 293T cells and the B-catenin
levels were examined (Figure 1C). Co-transfection with USP4
increased the amount of B-catenin in a dose-dependent
manner, but the C311A mutant did not change the B-catenin
level. However, the mRNA level of B-catenin was not substan-
tially altered by USP4 expression (Supplementary Figure 1H).
These results indicate that B-catenin level is not transcription-
ally regulated by USP4, but its stability is controlled in protein
level by the catalytic activity of USP4.

To corroborate its stabilizing effect on B-catenin, USP4
expression was knocked down in HCT116 cells using two
USP4-targeting siRNAs (siUSP4-1 and siUSP4-2). Both siRNAs
were able to reduce USP4 protein and mRNA levels
(Supplementary Figure 1I). siUSP4-1 was more effective, so
used in subsequent experiments to suppress USP4 expression,
unless otherwise specified. When USP4 was reduced by siUSP4,
ubiquitinated forms of p-catenin were increased under dena-
turing (Figure 1D) and non-denaturing conditions
(Supplementary Figure 1J). Similar results were observed when
the gels were immonoblotted using antibody specific to K48-
linked ubiquitin (Supplementary Figure 1K). Conclusively,
siUSP4 reduced the stability of B-catenin in a dose-dependent
manner by siUSP4 (Figure 1E). These results further confirmed
that USP4 controls the stability of B-catenin by deubiquitination.

The effect of USP4 on the stability of B-catenin was further
tested by treating transfected cells with cycloheximide to block
protein synthesis (Figure 1F). B-catenin levels decreased over
time in cycloheximide-treated cells, and the cellular degrada-
tion of B-catenin was noticeably faster when USP4 was knocked
down (Figure 1F). These results confirmed that USP4 is impor-
tant for regulating the cellular stability of f-catenin.

3.2. USP4 enhances the transcriptional activity of 3-
catenin

In canonical WNT signaling, the transcriptional activity of TCF
and expression of its target genes are promoted by the binding
of B-catenin to TCF where it functions as a transcriptional co-
activator. To evaluate the role of USP4 in B-catenin activity, we
examined the transcriptional activity of TCF/B-catenin using
the TOP flash reporter assay in USP4-transfected 293T cells.
Co-expression of SRT-USP4 with Myc-B-catenin increased re-
porter activity about 2-fold compared to expression of Myc-
B-catenin alone, but SRT-C311A-USP4 expression resulted in
much less of an effect (Figure 2A and Supplementary
Figure 2A). On the other hand, TOP flash activity diminished
when siUSP4 was transfected (Figure 2B and Supplementary
Figure 2B). A similar effect of siUSP4 was also observed
when Myc-B-catenin was overexpressed (Figure 2B and
Supplementary Figure 2B).

Accordingly, USP4 significantly enhanced the expression of
the WNT/B-catenin downstream target genes, Cyclin D1 and
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Axin2 (Figure 2C). USP4 knockdown also caused substantial
and dose-dependent decreases in the mRNA levels of the
downstream target genes of WNT/B-catenin (Figure 2D and

than non-treated cells since the WNT signal enhances the ac-
tivity of B-catenin. The stimulating effect of the WNT signal
was also severely affected by USP4 knockdown (Figure 2E).

Supplementary Figure 2C). These results confirm that USP4
knockdown suppresses the transcriptional activity of p-cate-
nin, thereby supporting the suggestion that USP4 functions
as a positive regulator of the WNT/B-catenin pathway.

To determine whether regulation of B-catenin by USP4 is 33
responsive to a WNT signal, luciferase activity was assayed
in the presence of Wnt3a conditioned media (Wnt3a-CM)
(Figure 2E and Supplementary Figure 2D). As is well known,
Wnt3a-CM treated cells showed higher luciferase activity

Specifically, reporter activity decreased about 3-fold in USP4
knockdown cells when the assay was performed in the pres-
ence of Wnt3a-CM.

USP4 also affects B-catenin activity by localizing 3-
catenin to the nucleus

To investigate the action mechanism of USP4, further analysis
was carried out by transfecting 293T cells with Myc-S33A-B-
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Figure 1 — USP4 binds B-catenin controls its stability. (A) Interaction between USP4 and B-catenin in 293T and HCT116 cells. Four hours prior
to harvest, 10 pM MG132 was added to inhibit proteasomal degradation. The cells lysates were immunoprecipitated using anti-B-catenin and

anti-USP4 antibodies, respectively. The cell lysates and IP eluents were immunoblotted using anti-B-catenin and anti-SRT antibodies. IgG was
used for control. (B) DUB activity of USP4 and its active-site mutant C311A on Ub-B-catenin. 293T cells transfected with indicated DNAs were
culture for 24 h. MG132 (10 pM) was added 4 h before harvest. The cell lysates was immunoprecipitated with anti-Myc antibody under denaturing
condition. The ubiquitination level of immunoprecipitants was measured by immunoblotting using anti-HA and anti-Ub antibodies, respectively.
(C) The effect of wild type and C311A USP4 on B-catenin stability. Wild-type or C311A SRT-USP4 (+: 0.2 pg, + +: 0.5 pg) was co-transfected
with Myc-B-catenin (0.5 pg) into 293T cells. After 48 h the levels of Myc-B-catenin and SRT-USP4 were evaluated by immunoblotting. (D) The
effect of USP4 siRNA (siUSP4) on ubiquitination of B-catenin. 293T cells, transfected with siUSP4 and HA-Ub were treated with 10 nM MG132
for 4 h prior to harvest. The harvested cells were denatured by SDS and immunoprecipitated using anti-B-catenin antibody. The ubiquitinated B-
catenin was detected by SDS-PAGE and immunoblotting. USP4 level in whole cell lysates was also examined by immunoblotting. (E) The effect of
siUSP4 on B-catenin stability. USP4 was knocked down using siUSP4 (+: 20 pM, + +: 50 pM) in 293T cells. After 48 h, USP4 and B-catenin
levels were analyzed by immunoblotting. a-tubulin was used as a loading control. (F) The effect of cycloheximide and USP4 on B-catenin stability.
293T cells were transfected with 60 pM siUSP4 and after 48 h treated with 100 pg/ml cycloheximide for the indicated times. Scrambled siRNA-
transfected cells were used as a control (NS). Immunoblots of endogenous USP4 and B-catenin are shown. GAPDH was used as a loading control.

The bar graph shows the band intensities of USP4 and B-catenin. Each sample were normalized relative to the loading control.
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Figure 1 — (continued).

catenin. This mutant, lacking the GSK3p phosphorylation site,
is not susceptible to ubiquitination and subsequent proteaso-
mal degradation, and thus it exists in a stable form in cells.
Accordingly, Myc-S33A-B-catenin stimulated reporter activity
to a greater extent than did wild-type B-catenin (Figure 2F vs.
Figure 2A). Interestingly, the effect of Myc-S33A-B-catenin was
reduced by USP4 knockdown (Figure 2F), while the stability of
the mutant B-catenin was maintained (Supplementary
Figure 2E). The similar results were also observed in HCT116
cells; siUSP4 transfection in HCT116 cells reduced the reporter
activity in a dose dependent manner (Supplementary

Figure 2F). This observation raised the possibility that USP4-
dependent activation of B-catenin is not only caused by the
catalytic activity of USP4 but also mediated by another mech-
anism such as a nuclear transport of B-catenin.

It is known that B-catenin is transported into the nucleus
as a complex with other transporters such as Racl (Wu et al.,
2008) or directly binds to the nuclear pore complex using its
armadillo repeats (Sharma et al., 2012) since it has no NLS
sequence (Fagotto et al., 1998). Therefore, we hypothesized
that USP4 shuttles to the nucleus and has a role in transport-
ing B-catenin to the nucleus. A model involving shuttling
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of USP4 to the nucleus was also supported by mass spectro-
metric analysis which revealed associations of USP4
with importin as well as with exportin (Supplementary
Table 1).

Initially, we investigated the localization of USP4 using
immunofluorescence and immunoblotting before and after
transfecting SRT-USP4 in 293T cells (Figure 3 and
Supplementary Figure 3). As reported previously (Soboleva
et al., 2005), USP4 was present in both the nucleus and cyto-
plasm, however we observed that USP4 was more prominent
in the cytoplasm (Figure 3A—C). Subsequently, we studied
the effect of USP4 on the localization of B-catenin by transfec-
tion of USP4. The results of both immunofluorescence and
immunoblotting revealed that SRT-USP4 affects the localiza-
tion of B-catenin by increasing the amount of B-catenin in
the nucleus upon USP4 expression (Figure 3A and B). In
contrast, when USP4 level was decreased by siUSP4, its effect
on the nuclear localization of B-catenin was less significant
(Figure 3D and E). These results consistently revealed that
USP4 affects the localization of B-catenin to the nucleus
(Figure 3A and Supplementary Figure 3A). Their nuclear trans-
port and localization was more evident when cells were
treated with Leptomycin B (LMB), an inhibitor of CRM1-
dependent nuclear export (Supplementary Figure 3B). In this
condition, the nuclear localization of both USP4 and B-catenin
were increased by LMB.

3.4. Domain mapping revealed that USP4(261—963) is
responsible for USP4 activity

USP4 contains four distinctive domains: a domain present in
ubiquitin-specific proteases (DUSP), two ubiquitin-like do-
mains (UBL1 and UBL2, respectively) and an ubiquitin specific
proteases domain (USP). In order to identify the domains
responsible for the interaction and localization of B-catenin,
three deletion mutants were constructed (Figure 4A):
USP4(1—-260) covers DUSP and UBL1, USP4(140—572) contains
UBL1 and UBL2, and USP4(261—-963) harbors USP which over-
laps with UBL2 (Figure 4A). The interaction of each mutant
with B-catenin was examined by immunoprecipitation
(Figure 4B). The wild type USP4 and USP4(261—963) were asso-
ciated with Myc-B-catenin, while USP4(1—-260) showed only
weak interaction (Figure 4B). Besides, USP4(261—963) primarily
contributed to the transcriptional activity of B-catenin, since

highest luciferase reporter activity and the expression level
of target gene, Cyclin D1, were observed in USP4(261—-963)-
transfected cells (Figure 4D and E). Although USP4(140-572)
still had B-catenin binding activity, it showed weak effect on
transcriptional activation, possibly due to the condensation
in nucleus (Figure 4C). Taken these results together, it was
concluded that B-catenin activity is primarily associated
with the C-terminal catalytic domain of USP4. However, the
N-terminus of USP4(1-260) seems to be necessary for full
USP4 activity because reporter activity and the target gene
expression were not 100% recapitulated by the C-terminal
domain alone (Figure 4D and E).

We further investigated which domains of USP4 are
involved in the cellular localization of USP4 and B-catenin
(Supplementary Figure 3A). USP4(1—260) and B-catenin were
localized mostly in the cytoplasm, while USP4(261-963) had
the localization pattern similar to the wild-type. USP4 mu-
tants and B-catenin showed the similar localization pattern
when the nuclear export was inhibited by LMB
(Supplementary Figure 3B). These results suggest the associa-
tion of the C-terminus of USP4(261—963) with a subset of p-cat-
enin in the nucleus as evidenced by the observed binding
(Figure 4B).

3.5. Nuclear localization sequences of USP4

From this study, we postulate that the nuclear localization se-
quences (NLS) present in the C-terminus of USP4(261-963)
control the location of USP4 (Figure 5A), as previously pro-
posed (Soboleva et al., 2005). To further investigate the role
of the NLS, we constructed SRT-USP4 mutants lacking pro-
posed NLS sequences (AMT-1 and AMT-2), as shown in
Figure 5A. However, AMT-1 was utilized for the majority of
subsequent analyses due to rapid degradation of AMT-2
(Supplementary Figure 4A). Changes in the cellular distribu-
tion of B-catenin in response to the expression of USP4 AMT-
1 were examined by immunofluorescence (Figure 5B, top)
and quantified by counting the number of cells in which a
given subcellular localization of the proteins was seen
(Figure 5B, bottom). While B-catenin and wild-type SRT-USP4
were distributed both in the nucleus and in the cytoplasm,
mutations in the signal sequences of USP4 clearly hindered
nuclear transport, as the cytoplasmic localization of AMT-1
was increased (Figure 5B). Furthermore, a similar cellular

Figure 3 — Cellular localization of USP4 and B-catenin. (A) Subcellular localization of SRT-USP4 and endogenous B-catenin in 293T cells. The
location of each protein was examined by immunofluorescence using anti-SRT (green) and anti-B-catenin (red) antibodies, respectively. Nuclei
(blue) were stained with DAPI. (B) B-catenin in subcellular fractions. 293T cells were transfected with SRT-USP4 for 24 h, and then whole cells
lysates were fractionated into cytoplasmic (Cy) and nuclear (Nu) fractions. Top: The amount of SRT-USP4 and endogenous B-catenin in each

fraction was analyzed by immunoblotting. Bottom: The band intensity of the B-catenin immunoblot was quantified and presented in bar graphs.
(C) Subcellular localization of USP4 and B-catenin. 293T cells were immunostained with anti-SRT and anti-B-catenin antibodies and the number

of co-immunostained cells were counted in the following three categories: Nu < Cy, proteins dominant in the cytoplasmic fraction; Nu > Cy,

proteins dominant in the nuclear fraction; Nu = Cy, almost equal distribution in both fractions. The results are displayed in a bar graph with %
values. (D) Subcellular localization of endogenous USP4 and B-catenin in HCT116 cells. The cultured HCT116 cells were transfected with
siUSP4, and immunostained using anti-USP4 (green) and anti-B-catenin (red) antibodies. (E) USP4 and B-catenin in subcellular fractions. The
lysates of siUSP4-transfected HCT116 cells were fractionated. USP4 and B-catenin in cytoplasmic (Cy) and nuclear (Nu) fractions were
immunoblotted (Top) and the band intensities were quantified (Bottom). Scale bar = 10 pm (A, D). The quantified band intensity was normalized

to a-tubulin for cytosolic fraction and Lamin B for nuclear fraction, respectively, and displayed as the relative amount to the proteins in the

cytosolic fractions of control (B, E).
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Figure 4 — (continued).

redistribution of B-catenin was seen with AMT-1. To investi-
gate whether USP4 works as a general activator of nuclear
localization, USP4 was double-stained with elF3a, a cyto-
plasmic protein which can be accumulated in nucleus by nu-
clear transport similar to B-catenin (Saletta et al., 2010).
Although USP4 slightly enhanced the expression of elF3a, it
did not increase the nuclear localization of elF3a
(Supplementary Figure 3C), which partially supports that the
nuclear localization effect of USP4 is specific to B-catenin.
We further investigated whether the cellular distribution of
USP4 affects the transcriptional activity of B-catenin. Reporter
activity was lower in AMT-1 expressing cells than in wild-type
USP4 expressing cells. Transcriptional activity of B-catenin
decreased to a greater degree with the expression of AMT-2,
possibly due to the degradation of USP4 (Figure 5C and
Supplementary Figure 4A). The assay results revealed that
transcriptional activity increases in proportion to the amount
of USP4 in the nucleus, which suggests that USP4 enhances B-
catenin activity by facilitatingits transport from the cytoplasm
to the nucleus. To further confirm the role of USP4 in activation
of B-catenin, we measured the transcriptional activity of f-cat-
enin in HCT116 cells by expressing the wild-type and AMT-1
USP4 in siUSP4 expressing cells in the presence of a Wnt3a-
CM (Figure 5D and Supplementary Figure 4B). The reporter ac-
tivity that was suppressed by siUSP4 transfection was

significantly restored upon induction of wild-type USP4.
AMT-1 also was able to increase the transcriptional activity
of B-catenin, though these effects were less than those caused
by wild-type USP4. However, the DUB activity of AMT-1 was
comparable to that of wild type, implying that the DUB and

localization activities are independent (Supplementary
Figure 4C).
3.6. USP4 is associated with colon cancer

Our results revealed that USP4 expression correlates with
WNT/B-catenin signaling by enhancing the transcriptional
activity of B-catenin. Therefore, we hypothesized that an
elevated expression level of USP4 may contribute to the
development of colon cancer. To verify its relevance to can-
cer, invasion and migration activities of the siUSP4-treated
HCT116 cells were examined (Figure 6A and B). USP4 knock-
down significantly decreased the number of invasive cells in
a concentration dependent manner (Figure 6A), and the
number of migratory cells was also reduced (Figure €B). In
these assays, the decrease in USP4 levels was confirmed by
immunoblotting (Figure 6A and B bottom). Consistent with
this finding, the expression levels of both MMP-1 and MMP-
9, representative markers of migration and invasion in hu-
man colon cancers (Zucker and Vacirca, 2004), were clearly
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Figure 6 — USP4 is correlated with B-catenin in colon cancers. (A) Invasion activity of siUSP4-treated colon cancer cells. HCT116 cells were
treated with USP4 siRNA (siUSP4; +: 40 pM, + +: 90 pM) for 24 h, and in vitro cell invasion assays were performed for 48 h. (B) Cell migration
ability of siUSP4-treated colon cancer cells. HCT116 cells were treated with 90 pM siUSP4 for 48 h and assayed for their migration ability for 20 h.
The invasion and migration activities of the siUSP4 transfected cells were determined relative to those of scrambled siRNA-treated cells. The
expression level of USP4 was analyzed by immunoblotting. Data shown represent the average values from three independent experiments. (C)
Expression of migration and invasion markers in the siUSP4-treated colon cancer cells. The expression level of USP4, MMP-1, and MMP-9 was
examined 24 h after siUSP4 treatment in HCT116 cells. The mRNA levels were quantified by real time-PCR with normalization to GAPDH. (D)
The correlation between the expression levels of USP4 and B-catenin, and Cyclin D1 and B-catenin in colon cancer tissues. The mRNA levels of

USP4, B-catenin, and Cyclin D1 were measured by quantitative real time-PCR according to an internal calibrator using the 2~ cr

method
with normalization to GAPDH. This experiment was repeated twice. (E) Expression of USP4 and B-catenin in colon cancer tissues. The levels of
USP4 and B-catenin proteins in colon cancer and corresponding normal tissues were measured by immunoblotting using GAPDH as a loading
control. T, colon cancer samples; N, normal samples. (F) Expression of B-catenin (a, ¢, ¢) and USP4 proteins (b, d, f) in normal tissues (a, b),

primary (c, d), and metastatic colon cancers (e, f) (top). The representative regions of each sample (red boxes, top a—f) are magnified (bottom,

a'—f'). In normal colon tissues, B-catenin (a and a’) and USP4 (b and b’) showed expression in mucosa. Staining of colon adenocarcinoma revealed
high levels of B-catenin (c and ¢’) and USP4 (d and d'). B-catenin (e and €’) and USP4 (f and ') were also actively expressed in metastatic carcinoma

that had metastasized from the colon to the ovary. Both adenocarcinoma and metastatic carcinoma tissues were taken from the same patient.

abundance is represented by percentage bar graphs (bottom) using the same criteria in Figure 3C. (C) The effect of the NLS deletion mutants on
the TOP flash reporter activity in the presence of WNT signal. The plasmids encoding wild-type USP4, AMT-1 and AMT-2 were transfected into
293T cells along with Myc-B-catenin. After 48 h, TOP flash activity was measured. (D) The effect of NLS deletion mutant of USP4 on the TOP
flash reporter activity in siUSP4-treated HCT116 cells. HCT116 cells were transfected with siUSP4 for 6 h, followed by complementation with the
wild-type (WT) or AMT-1 USP4. After 24 h, the cells were cultured in control-CM or Wnt3a-CM for an additional 24 h before the reporter assay.
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decreased by siUSP4 (Figure 6C). These results suggest that
USP4 is closely associated with invasion and migration of co-
lon cancer cells.

To further investigate the association of USP4 and B-cate-
nin in colon cancers, we examined 30 human colon specimens
(cancer and normal). The correlation between USP4 and B-cat-
enin was confirmed at the protein level: eight out of eleven
samples with increased B-catenin also showed elevated
USP4 (Figure 6D). Furthermore, the expression levels of
USP4, B-catenin and Cyclin D1 were also investigated. As ex-
pected, the mRNA levels of B-catenin and Cyclin D1 were
significantly associated, supporting the idea that increased
B-catenin correlates with the expression of Cyclin D1, as
well as with cancer progression in the examined cancer spec-
imens (Figure 6E). Interestingly, mRNA levels of USP4 were
elevated in the majority of specimens with increased B-cate-
nin mRNA (Figure 6E).

We next examined the potential relationship of p-catenin
with USP4 in other sets of primary cancer tissues by immuno-
histochemical staining (Supplementary Table 2). In normal
colorectal tissues, both B-catenin and USP4 were expressed
at low levels (Figure 6F-ab), whereas their expression level
was highly increased in adenocarcinoma specimens
(Figure 6F-cd). Among 40 colorectal carcinoma tissues exam-
ined, 36 and 29 cases of strong positive expression were
observed for B-catenin (90%) and USP4 (72.5%), respectively.
In metastatic carcinoma, high levels of B-catenin and USP4
were also observed (Figure 6F-ef). Immunohistochemical anal-
ysis of colon cancer tissues supported the idea that the
expression of B-catenin and USP4 are closely associated with
colorectal cancer.

4. Discussion

Because the degradation of B-catenin is regulated via serial
phosphorylation and ubiquitination in the cytosol, post-
translational modification is critical for its stability, and
accordingly, the determination of cellular fate. We showed
that USP4 deubiquitinates B-catenin (Figure 1B and D). Howev-
er, USP4 had no effect on the stability of GSK3p, a negative
regulator of B-catenin (Supplementary Figure 5A), suggesting
that USP4 enhances the stability and activity of B-catenin
not by affecting B-catenin regulators but by working as a deu-
biquitinating enzyme of B-catenin. As a consequence, the
expression levels of WNT/B-catenin target genes were also
regulated by USP4 (Figure 2). The deubiquitinating activity
and stabilizing effects of USP4 were abolished when the cata-
lytic residue Cys311 was mutated to Ala (Figure 1B and
Supplementary Figure 1E). These results clearly demonstrate
that the stability of B-catenin is regulated by the catalytic ac-
tivity of USP4.

USP4 has three representative domains, DUSP in the N-ter-
minus (11-122), UBL domains (142—226 and 483—-571), and the
USP catalytic domain in the C-terminus (302—923). In this
study, to investigate the role of each domains in the interac-
tion with p-catenin, three constructs, USP4(1-260),
USP4(140-572), and USP4(261-963), were designed. We
observed that both USP4(140—572) and USP4(261-963) bind
to B-catenin, thus the second UBL domain (483—571) seems

to have a major role in interaction with B-catenin (Figure 4).
Considering reporter activity and target gene expression
(Figure 4C and D), USP4(261—-963) which contains the UBL2
and USP domain is likely to perform a major role in the B-cat-
enin activation possibly by direct interaction and deubiquiti-
nation. USP4(1-260) appears to have an auxiliary role, since
the transcription activity of B-catenin was not fully recovered
by the USP domain only. Consistently, it was reported that
DUSP(1-122) is involved in substrate recognition (DeSalle
et al,, 2001; Song et al.,, 2010) and that DUSP—UBL domain
(11—-226) is necessary for the full catalytic turnover of USP4
(Clerici et al., 2014). These reports suggest that USP4(1—260)
possibly plays a certain role in recruiting substrates to the
USP domain.

According to our novel finding that USP4 acts as the p-cat-
enin DUB, the transcriptional activity of B-catenin that is sta-
bilized by the mutation of phosphorylation site cannot be
regulated by USP4-mediated deubiquitination. However, sta-
bilized B-catenin was partially affected by the USP4 expression
level (Figure 2F), and the catalytically defective C311A USP4
was able to activate B-catenin to some extent (Figure 2A).
These results suggested that USP4 might control the activity
of B-catenin via another modulatory mechanism. We have
proven that USP4 facilitates the nuclear localization of B-cate-
nin to some extent (Figures 3 and 5), which possibly contrib-
utes to the enhancement of B-catenin activity. However,
DUB activity seems to perform a primary regulatory role,
considering that the decrease of pB-catenin by USP4
knockdown was more significantin the cytosol than in the nu-
cleus (Figure 3D).

So far, several DUBs have been proposed to play roles in
WNT signaling by modulating components of the B-catenin
destruction complex (Clague et al, 2012). For example,
USP34 increases the stability of Axin, thereby promoting its
nuclear accumulation (Lui et al., 2011). FAM (USP9x) has
been reported to stabilize B-catenin through cytoplasmic
colocalization, although its effect on the transcriptional activ-
ity of B-catenin was not investigated (Taya et al., 1999). UCHL-
1 is also known to control B-catenin stability as a DUB (Bheda
et al., 2009). However, UCHL-1 might not have a distinctive
role in colon cancers since it is silenced by promoter methyl-
ation in many colon cell lines and even in primary colorectal
cancers (Okochi-Takada et al., 2006). Under our experimental
conditions, no significant UCHL-1 DUB activity was measured
for B-catenin, whereas USP4 showed stronger DUB activity
(Supplementary Figure 5B). Among DUB enzymes, USP4
shares 60.5% sequence identity with USP15 (Baker et al,
1999), making it tempting to hypothesize that USP15 may
also be a functional homolog of USP4. However, USP15 showed
only marginal DUB activity on B-catenin (Supplementary
Figure 5B). Therefore, among the DUBs that have been pro-
posed to directly or indirectly affect the stability of B-catenin,
USP4 is most likely to be the main DUB for B-catenin under our
experimental conditions.

USP4 is known to participate in diverse cellular functions
and regulates multiple pathways by deubiquitinating non-
proteolytic ubiquitin chains for a functional modulation
(Hou et al., 2013; Wang et al., 2013) involved in DNA repair,
endocytosis, and kinase-mediated signaling responses
(Luna-Vargas et al.,, 2011; Wang et al., 2012). However, USP4


http://dx.doi.org/10.1016/j.molonc.2015.06.006
http://dx.doi.org/10.1016/j.molonc.2015.06.006
http://dx.doi.org/10.1016/j.molonc.2015.06.006

1850

MOLECULAR ONCOLOGY 9 (2015) 1834-1851

is likely to be associated with K48-linked proteolytic degrada-
tion of B-catenin rather than functional modulation of B-cate-
nin by eliminating K63-chain from B-catenin. Although K63-
linked ubiquitin modification of B-catenin, which has a role
in B-catenin stabilization instead of degradation, was reported
in MCF7, human breast cancer cells (Gerard et al., 2012), we
could not detect the K63-Ub chain on B-catenin in this study
(data not shown), possibly due to the difference in cell types.

A recent study in SW480 cells proposed that USP4 is a tu-
mor suppressor (Zhao et al.,, 2009) by demonstrating that
USP4 knockdown results in hyper-activation of canonical
WNT signaling through a mechanism involving a NLK—-TCF4
interaction. In the present study, we identified USP4 as a
DUB for B-catenin using an overexpression library of DUBs in
293T cells (Supplementary Figure 1B). The USP4 DUB activity
and its role as a positive regulator of B-catenin were further
confirmed by knockdown experiments in HCT116 cells. More-
over, we observed that the invasion activity of HCT116 cells
was suppressed by USP4 knockdown (Figure 6A). Therefore,
we proved that USP4 has oncogenic properties in HCT116
cells. Interestingly, we were also able to observe that USP4
knockdown in SW480 cells increased invasion activity under
the same experimental conditions as used in HCT116 cells
(Supplementary Figure 5C), suggesting that the role of USP4
is different depending on cell types. Although B-catenin is
activated in both cell lines, as a result of APC and B-catenin
mutations in SW480 and HCT116, respectively, one wild-type
allele of B-catenin is retained in HCT116 cells (Sekine et al.,
2002). Therefore, the contrasting results from SW480 and
HCT116 cells may be partially explained by the differential
regulation of B-catenin during cancer pathogenesis.

B-Catenin can be activated through increased stability or
nuclear transport, and aberrant activation of B-catenin is
frequently found in many colon cancers. This study provides
evidence in support of the relationship between USP4 and -
catenin in colon cancers: USP4 expression is elevated in
most of the colon cancer tissues which show higher levels of
B-catenin (Figure 6D—F), and the knockdown of USP4 compro-
mised the invasion and migration activities of colon cancer
cells (Figure 6A and B).

5. Conclusion

Our study provides substantial evidences for the regulatory
roles of USP4 on the ubiquitination and localization of B-cate-
nin. In conclusion, we suggest that USP4 is a potential onco-
gene that amplifies the WNT/B-catenin signal, and that it
can be considered as a promising target for anti-cancer
therapeutics.
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