
Introduction

Post-translational modifications by ubiquitin have emerged as
major regulatory events in essential cellular processes such as cell
cycle progression, signal transduction, transcriptional regulation
and apoptosis [1, 2]. In addition to the originally described role in
proteasome-dependent degradation, where ubiquitin chains con-
jugated through K48 linkages are typically involved, it is now well
established that mono- and poly-ubiquitination involving alterna-
tive lysines, e.g. K63, can convey signals that modulate protein
activity or localization [3]. Like most other post-translational mod-
ifications ubiquitination is also reversible. Deconjugation is per-
formed by a family of cystein and metalloproteases, collectively
known as deubiquitinating enzymes (DUBs). Approximately 100
putative DUBs have been identified in the human genome [4], but
only a minority of them have been functionally characterized. Their
roles are diverse, varying from housekeeping functions, such as
maintaining the pool of free ubiquitin, to highly specialized regula-

tory activities on specific substrates and signalling pathways,
making them potentially interesting as therapeutic targets [5, 6].

Ubiquitin-dependent modifications are critically involved in the
regulation of a variety of signalling pathways, including for exam-
ple the highly conserved Wnt pathway that controls multiple devel-
opmental processes and is deregulated in human cancers [7].
Three signalling cascades are known to be induced by different
members of the Wnt family of glycoproteins: the canonical Wnt/�-
catenin pathway [8, 9], the less well-characterized non-canonical
planar cell polarity pathway [10] and the Wnt/Ca2� pathway [11].

The expression of the key player in the canonical signalling cas-
cade, �-catenin, is kept under strict control because deregulation
may cause developmental defects and promote tumorigenesis. In
the absence of Wnt interaction with the Frizzled cell surface recep-
tor, �-catenin levels are kept low by the activity of the ‘destruction
complex’ comprising the adenomatous polyposis coli (APC), casein
kinase 1 (CK1), Axin and glycogen synthase kinase-3 (GSK-3) [12].
The CK1 and GSK-3� kinases of the destruction complex phospho-
rylate newly synthesized �-catenin that is then recognized by the 
F-box protein �TrCP, a component of the Skp1/Cullin/Fbox (SCF)
multi-subunit ubiquitin ligase, which promotes �-catenin ubiquiti-
nation and proteasomal degradation. Wnt-dependent triggering of
the Frizzled receptor prevents the phosphorylation of �-catenin,
which promotes its accumulation and nuclear translocation. Nuclear
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�-catenin activates the family of T-cell factor (TCF) and lymphoid
enhancer factor (LEF) transcription factors, initiating transcription
of genes such as cyclin D1 and c-Myc [13, 14]. Additional regula-
tory events take place in the nucleus such as the Bcl9/Legless-
dependent recruitment of Pygopus to �-catenin, which activates
transcription by promoting nuclear import and nuclear retention of
�-catenin [15]. The signalling pathway is also regulated by the
Nemo-like kinase (Nlk). Nlk is the mammalian homologue the
Drosophila Nemo (nmo) Ser/Thr kinase, that is involved in apopto-
sis [16] and in multiple developmental processes [17] and was ini-
tially identified as a protein required for planar cell polarity in the
developing Drosophila eye [18]. Nlk can be activated by the
upstream MAP kinase kinase kinase (MAPKKK) family member
transforming growth factor-� activated kinase-1 (Tak1) [19–21].
Activated Nlk promotes the phosphorylation of TCF/LEF bound to �-
catenin, causing an overall inhibition of transcription [22]. Nlk can
also regulate the transcription of other transcription factors such as
HMG2L1 [23], STAT3 [24], Myb [25] and NF-�B [26].

Here we have used an RNA interference (RNAi) library specifi-
cally targeting the family of human DUBs [27] to search for possi-
ble new regulators of the canonical Wnt signalling pathway. We
found that knock-down of the ubiquitin specific protease 4 (USP4,
previously known as UNP for ubiquitous nuclear protein) is asso-
ciated with hyperactivation of �-catenin mediated transcription.
We also show that USP4 interacts with Nlk and TCF4 and that
TCF4 is a target of USP4 DUB activity. Together our results iden-
tify USP4 as a new player in the canonical Wnt signalling pathway.

Material and methods

Plasmid construction

The RNAi library targeting the expression of DUBs has been described pre-
viously [27]. In short it is based on the pSUPER vector [28] for expression
of short hairpin (sh) RNAs targeting various DUBs. Each different DUB is tar-
geted for knock-down from a pool of four different shRNA transcripts. The
shRNA target sequences for USP4 in the pooled sample are; (1) 5�-TTGTG-
GAGCATGGCCTGTT-3�, (2 ) 5�-GCTCGACACAGTCGTAGAA-3�, (3 ) 5�-CAGC-
CTTTACCTGATGAGT-3 and (4 ) 5�-GCACTGCGCCTAGCAGAAA-3�. For
cloning USP4 in overexpression vectors it was PCR amplified from human
brain cDNA using Pwo polymerase (Roche Diagnostics, Indianapolis, IN, USA)
and the primers 5�-ATCAAGCTTATGGCGGAAGGTGGAGGCTGCC-3� and 5�-
ATCGGATCCTGTTGGTGTCCATGCTGCAAGCC-3� (HindIII and BamHI sites in
bold). The PCR product was cloned in frame with enhanced green fluores-
cent protein (EGFP) in the pEGFP-N2 plasmid (Clontech, Mountain View, CA,
USA) generating USP4-GFP. To generate Glutathione S-transferase (GST)-
USP4 for bacterial expression USP4 was PCR amplified and cloned in frame
with GST in the pGEX-5X-1 vector (Amersham, Buckinghamshire, UK) using
BamHI and NotI restriction sites. The His-tagged Nlk and TCF4 vectors were
generated by PCR amplification and ligation into the pQE30 plasmid (Qiagen,
Valencia, CA, USA) using BamHI/HindIII and BamHI/Asp718, respectively.
The plasmids expressing FLAG-Nlk, FLAG-NlkK155M, HA-TCF4, Bcl9-FLAG,
Pygopus2-FLAG, p300-HA were kindly provided by Professor Hans Clevers
(Hubrecht Laboratory, Utrecht, The Netherlands).

Tissue culture and expression analyses

The human embryonic kidney (HEK) epithelial cell lines HEK293 or HEK293T,
the colorectal cancer cell lines SW480, DLD1 and colo320 were all cultured in
Dulbecco’s modified Eagle medium (Sigma-Aldrich, St Louis, MO, USA) sup-
plemented with 10% foetal calf serum (Sigma-Aldrich), 2 mM L-glutamine
(Sigma-Aldrich), 10 U/ml penicillin and 10 �g/ml streptomycin. The cells were
transfected either by a CaPO4 method or by lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA). For co-immunoprecipitation with FLAG-Nlk the cells were
lysed in a buffer containing 50 mM Tris (pH 8.0), 150 mM NaCl, 0.1 mM eth-
ylenediaminetetraacetic acid (EDTA), 1% IGEPAL supplemented with complete
mini protease inhibitor cocktail pills (Roche Diagnostics) and for co-immuno-
precipitations with TCF4 the cells were lysed in a buffer containing 250 mM
NaCl, 0.1% IGEPAL, 50 mM Hepes (pH 7.3) supplemented with complete mini
protease inhibitor cocktail and lysis was completed by sonication.
Precipitations were performed with indicated antibodies conjugated to
GammaBind G Sepharose (Amersham Pharmacia Biotech, Buckinghamshire,
UK). The samples were fractionated in acrylamide Bis-Tris 4–12% pre-casted
gradient gels (Invitrogen) and transferred to polyvinylidene fluoride (PVDF)
membranes (Millipore, Billerica, MA, USA) and probed with indicated antibod-
ies. The following antibodies were used: anti-HA (Y11), anti-GFP (FL) and anti-
Nlk (C20) from Santa Cruz Biotechnology (Santa Cruz, CA, USA), anti-GFP
(ab290) from Abcam (Cambridge, MA, USA), anti-TCF4 (6H5–3) from Upstate
(Billerica, MA, USA), anti-FLAG (M2) from Sigma-Aldrich, anti-ubiquitin from
Dako (Carpinteria, CA, USA), anti-USP4 (Bethyl Laboratories, Montgomery,
TX, USA) and anti-HA (12CA5) from Roche (Indianapolis, IN, USA). The 
HA-Ub-VME probe was kindly provided by Dr Huib Ovaa (The Netherlands
Cancer Institute, Amsterdam) and it was used in order to detect DUB activity in
transiently transfected HEK293T cells 2 days after transfection. The experiment
was performed as previously described [29] except that the time for labelling
was reduced to 5 min. Dual luciferase assay quantifying levels of luciferase and
renilla was performed according to manufacturers protocol (Promega,
Madison, WI, USA) and values are expressed as luciferase relative to renilla.

In vitro binding experiments

GST and GST-USP4 were expressed after induction by 1 mM isopropyl-�-
D-1-thiogalactopyranoside, 3.5 hrs 27�C, in the E.coli strain BL21. The
cells were harvested and washed in ice-cold phosphate buffered saline
(PBS) and subsequently resuspended in a buffer containing 50 mM NaCl,
50 mM Tris pH 8.0, 1 mM EDTA, 0.5% IGEPAL supplemented with phenyl-
methylsulfonyl fluoride (PMSF) (0.18 mg/ml) (Sigma-Aldrich) and pro-
tease inhibitor cocktail (Roche Diagnostics) and lysed by three freeze-thaw
cycles and sonication. The proteins were purified on glutathione sepharose
(Amersham Biosciences, Buckinghamshire, UK). His-Nlk and His-TCF4
were expressed in the E.Coli strain M15 and lysates were prepared in a
buffer containing 50 mM NaH2PO4 pH 8.9 and 0.5 M NaCl by three freeze-
thaw cycles and sonication followed by clarification of lysates by centrifu-
gation. In vitro binding was performed in a buffer containing 50 mM Tris
pH 8.0, 0.1 mM EDTA, 150 mM NaCl, 0.1% IGEPAL, 0.5 mM dithiothreitol
(DTT) supplemented with PMSF by rotating for 3 hrs at �4�C. Unbound
material was washed away in the same buffer used for binding.

K48 and K63 ubiquitin-chain cleavage experiment

The ability of GST-USP4 to hydrolyse ubiquitin chains linked through K48 or K63

(Biomol, Exeter, UK) was investigated by incubation of 0.04 �g chains with
increasing amounts of GST-USP4 in a buffer containing 20 mM Tris pH 7.5,
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150 mM NaCl, 2 mM EDTA and 2 mM DTT for 1 hr at 37�C. Incubation with
GST or treatment with the cysteine protease inhibitor N-ethylmaleimide was
used as control to illustrate the specificity of the reaction.

Fluorescence microscopy

For analysis by fluorescence microscopy cells were cultured and transfected
on cover slips. The cells were fixed in 4% formaldehyde, washed in PBS and
immunostained with the primary anti-FLAG M2 monoclonal antibody
(Sigma-Aldrich) and the secondary antimouse antibody labelled with Alexa
Fluor 594 (Molecular Probes, Carlsbad, CA, USA). Antibodies were diluted
in a buffer containing 50 mM Tris pH 7.4, 0.9% NaCl, 0.25% gelatin, 0.5
Triton X-100. Cells were counterstained with Hoechst 33258 (Molecular
Probes). Fluorescence was analysed using a Leiz-BMRB fluorescence
microscope (Leica, Wetzlar, Germany) and images were captured with a
Hamamatsu (Japan) cooled charge-coupled device (CCD) camera.

Results

USP4 is a new regulator of the canonical 
Wnt signalling pathway

Given the critical involvement of ubiquitin-dependent events in
Wnt signalling, we suggested that one or more DUBs may act as

regulators in the pathway. To test this possibility we used an RNAi
library that targets the expression of human DUBs [27] to perform
a loss-of-function screen in the colon cancer cell line SW480
where Wnt signalling is constitutively active due to a mutation in
the APC gene. The library is based on the short hairpin expression
vector pSUPER and specifically induces the knock-down of indi-
vidual DUBs by independent pools of plasmids targeting different
sites in each mRNA.

Wnt signalling was assessed using the previously described
TOP and FOPflash reporter pair [30]. The TOPflash reporter
responds to Wnt signalling whereas the FOPflash serves as a neg-
ative control due to mutations in the promoter region that prevent
TCF binding. The TOPflash plasmid was co-transfected with the
individual pools of the RNAi library and the levels of luciferase
were measured 72 hrs after transfection. Only the pool targeting
USP4 caused a marked change of relative luciferase activity, with
an approximate 4.5-fold increase compared to the average activity
of all samples (mean � S.D.  is 11 � 6) (Fig. 1A).

Three of the four knock-down vectors present in the pooled
sample used in the screen were tested for their ability to indi-
vidually suppress the expression of endogenous USP4 in
SW480 and HEK293 cells. The fourth vector targets a known
splice variant of USP4 lacking exon 7 and was therefore
excluded from further analysis. The hairpin 1 resulted in the
best knock-down, with approximately 20% residual expression
compared to the control (Fig. 1B). The TOP and FOPflash

Fig. 1 DUB knock-down screen identifies
USP4 as a new player in the canonical Wnt
signalling pathway. (A) Luciferase assay on
SW480 cells co-transfected with the Wnt-
reporter TOPflash together with individual
samples of the RNAi DUB library. Knock-
down of the USP4, results in a hyperactiva-
tion of Wnt signalling activity. The relative
levels of luciferase activity (luciferase/
renilla), at day 3 after transfection, are
shown. The dotted line represents the mean
value (mean � S.D. is 11 � 6). (B)
Individual evaluation of three independent
knock-down vectors from the pS-USP4 pool
transiently transfected in HEK293 cells, har-
vested 4 days after transfection. Western
blot against USP4 (upper panel) and 
�-actin as loading control (lower panel).
Densitometry showing the mean of two
experiments in the graph below. (C)
Luciferase assay in SW480 cells evaluating
the capacity of the three individual pS-USP4
vectors to induce Wnt signalling. The
FOPflash reporter serves as a control for
non-Wnt specific induction. Values repre-
sent the relative luciferase (luciferase/renilla)
�S.D. Paired t-test with values 	0.05 are
indicated with asterisk.
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reporter pair was then used to test if the hyperactivation of 
Wnt signalling could be reproduced with the individual 
vectors. As shown in Fig. 1C, the three shRNAs increased 
Wnt signalling with an efficiency directly proportional to 
the levels of USP4 knock-down (compare Fig. 1B and C). The
pSUPER-USP4–1 target sequence consistently resulted in the
strongest activation of Wnt signalling and was therefore used 
in subsequent experiments. Similar activation of Wnt-sig-
nalling upon USP4 knock-down was obtained in two additional
colon cancer cell lines with mutated APC; DLD1 and colo320
(data not shown).

In order to investigate whether USP4 knock-down could reg-
ulate signalling in a cellular background where the Wnt pathway
is intact we chose HEK293 cells that show low levels of activity in
the absence of exogenous Wnt. Knock-down of USP4 alone did
not affect the signalling in these cells (Fig. 2A). However, in
agreement with the hyperactivation observed in colon cancer
cells, knock-down of USP4 was associated with a significantly
increased activity when signalling was induced by co-transfection
of Wnt1 (Fig. 2A).

The capacity of USP4 knock-down to activate Wnt signalling
in cells with mutated APC suggests that USP4 may act down-
stream of the destruction complex. To test this possibility, 
activation of Wnt signalling was induced in HEK293 cells by
transient transfection of a �-catenin lacking GSK-3� phospho-
rylation sites (referred to as mut�-catenin), which prevents
ubiquitin-dependent degradation of �-catenin and induces con-
stitutive activation of the pathway. Hyperactivation of the
TOPflash reporter was observed also in the presence of mut�-
catenin suggesting that USP4 affects signalling downstream 
of �-catenin stabilization (Fig. 2B). A minor transcriptional acti-
vation on the FOPflash control reporter was occasionally
detected in cells expressing either mut�-catenin or shRNA
USP4 vectors. This is likely to reflect experimental variability
although additional mechanisms of transcriptional regulation
cannot be formally excluded.

USP4 interacts with components 
of the Wnt signalling pathway

The finding that USP4 acts downstream of �-catenin stabilization
motivated us to attempt to further narrow down its site of action. To
this end, we selectively searched for potential USP4 interacting part-
ners among Wnt pathway components acting at the level of tran-
scriptional regulation. Co-immunoprecipitation experiments were
performed in HEK293T cells expressing either USP4-GFP or GFP
alone together with a panel of candidates including �-catenin, Bcl9,
Pygopus2, the acetyltransferase p300 that is a known potentiator of
�-catenin mediated transcription in vertebrates [31, 32], Nlk and the
transcription factors LEF-1, TCF3 and TCF4. HA-TCF4 and FLAG-Nlk
were successfully co-immunoprecipitated with USP4-GFP but not
with GFP alone (Fig. 3A and B) whereas no interaction with the other
components could be demonstrated (not shown). Both USP4-GFP
and the catalytic mutant USP4C311S-GFP were co-precipitated with
HA-TCF4 and FLAG-Nlk (Fig. 3A and B), indicating that enzymatic
activity is not required for these interactions. Furthermore, the inter-
action was reproduced by in vitro binding assays performed with
bacterially expressed His-TCF4, His-Nlk and GST-USP4 (Fig. 3C),
confirming that the interaction is direct and does not require addi-
tional partners expressed in mammalian cells.

The Nlk promotes nuclear localization of USP4

The knock-down phenotype suggests that USP4 may act as an
inhibitor of Wnt signalling. To test this possibility we first verified
the USP4 DUB activity using a previously described DUB
 functional probe that comprises an HA-tagged ubiquitin that is 
C-terminally modified with a vinyl methyl ester (HA-Ub-VME) [33].
Covalent linkage of the probe to an active DUB allows detection of
the enzyme using an anti-HA antibody in Western blot. As
expected USP4-GFP was functionally active, whereas mutation of
the catalytic Cys residue (C311S) abrogated the activity (Fig. 4A).

Fig. 2 USP4 acts in a late step of Wnt
signalling. (A) Luciferase assay of
transfected HEK293 cells. Wnt sig-
nalling was induced by co-transfection
of a Wnt1 expressing plasmid as indi-
cated. Values represent the luciferase
values in relation to co-transfected
renilla � S.D. One representative
experiment performed in triplicate. (B)
TOPflash luciferase assay of trans-
fected HEK293T cells where Wnt sig-
nalling was induced by co-transfected
mut�-catenin lacking sites for phos-
phorylation by GSK-3�, thus function-
ing as a constitutive activator of tran-
scription. One representative experi-
ment performed in triplicate.
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Fig. 3 USP4 interacts with components in the Wnt signalling pathway.
(A) Western blot analysis of co-immunoprecipitation experiments where
HA-TCF4 was co-transfected in HEK293T cells either with USP4-GFP,
USP4C311S-GFP or GFP as control. Immunoprecipitations from whole cell
lysates were performed using an anti-HA antibody. The input in the
experiment is shown in the lower panels. A slower migrating band spe-
cific for HA-TCF4 expression that reacts with the HA antibody is of
unknown identity and appears above 75 kD, here marked with a small
arrow. A background band appearing with the HA antibody in the input
sample is indicated with an asterisk. (B) Western blot analysis of co-
immunoprecipitation experiments where FLAG-Nlk was co-transfected in
HEK293T cells either with USP4-GFP, USP4C311S-GFP or GFP as control.
Immunoprecipitations from whole cell lysates were performed using an
anti-FLAG antibody. (C) Western blot analysis of in vitro binding experi-
ments with GST, GST-USP4 and His-TCF4 or His-Nlk as indicated. The
input of the purified GST and GST-USP4 is shown by coomassie staining
in the lower panel. A dominant band of unknown origin above 50 kD in
the GST-USP4 purified sample is indicated with an asterisk.

Fig. 4 USP4 cleaves both K48 and K63 ubiquitin chains and does not affect
Wnt-signalling after overexpression. (A) Western blot analysis of HEK293T
cells transiently transfected with USP4-GFP or USP4C311S-GFP and subse-
quently labelled with the DUB active site probe HA-Ub-VME [33]. The upper
blot is probed with an anti-HA antibody and illustrates DUB activity of
USP4-GFP and the lower blot shows the same samples probed with an
anti-GFP antibody to show the input in the labelling experiment. (B)
Western blot analysis with an anti-ubiquitin antibody, of K48- and K63-
polyubiquitin chains incubated in vitro for 1 hr with bacterially purified GST
as a control, and increasing amounts of GST-USP4 as indicated. Treatment
with N-ethylmaleimide abrogates cysteine protease activity and serves as a
control. (C) Luciferase assay of SW480 cells transiently transfected with
the TOP/FOPflash reporters and pSUPER-empty, pSUPER-USP4, USP4-
GFP, Usp4C311S-GFP or GFP as a control. Cells were harvested 3 days after
transfection. One representative experiment in triplicate.
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We further tested the ability of USP4 to hydrolyse ubiquitin
isopeptide bonds and the possible preference for either K48 or K63-
linked polyubiquitin chains. Interestingly both chain types were
cleaved into ubiquitin monomers with equal efficiency after incu-
bation with GST-USP4 (Fig. 4B). Next the activity of the
TOP/FOPflash reporters was tested in SW480 cells expressing the
catalytically active USP4-GFP. Surprisingly, overexpression of
USP4-GFP did not affect the activity of the TOPflash reporter nor
did we observe any dominant-negative effect after overexpression
of the catalytic mutant USP4 (Fig. 4C). Thus, either the endoge-
nous amounts of USP4 are sufficient to obscure any effect of
 overexpression, or rate limiting protein interactions or post-
 translational modifications of USP4 may be required for its capac-
ity to act as an inhibitor of Wnt signalling.

USP4 harbours both nuclear import and export signals and it is
therefore conceivable that, similar to other shuttling proteins [34],
sub-cellular localization may regulate its activity. Phosphorylation

is a common regulator of nuclear cytoplasmic shuttling and gene
transcription [35, 36] and Nlk is known to promote Mad nuclear
export in Drosophila and thereby attenuate bone morphogenetic
protein signalling [37]. To investigate whether the USP4-Nlk inter-
action affects the sub-cellular localization of USP4, the fluores-
cence pattern of a transfected USP4-GFP plasmid was studied in
HEK293 cells (Fig. 5A). A predominant cytoplasmic fluorescence
was observed in approximately 70% of the cells (Fig. 5B), whereas
the remaining 30% showed a more homogenous fluorescence in
both nucleus and cytoplasm and predominant nuclear localization
was virtually never observed. The catalytic mutant USP4C311SGFP
showed a similar localization pattern indicating that DUB activity is
not critical for its localization. The effect of Nlk on this localization
pattern was investigated by co-expression of USP4-GFP or
USP4C311SGFP with the wild-type FLAG-Nlk or the inactive kinase,
FLAG-NlkK155M in HEK293T cells. A dramatic Nlk activity-depend-
ent redistribution of USP4 was detected in cells co-transfected with
FLAG-Nlk (Fig. 6A). Approximately 60% of the cells expressing the
active kinase showed an equal distribution of USP4-GFP or
USP4C311SGFP between the cytoplasm and the nucleus and
approximately 30% of the cells exhibited a predominant nuclear
localization (Fig. 6B) whereas localization of USP4-GFP was not
affected by expression of the catalytically inactive FLAG-NlkK155M.
Thus, the activity of the Nlk appears to be required for a redistrib-
ution of USP4 within the cells of which approximately 30% of the
cells accumulate USP4 in the nucleus.

USP4 is a DUB for TCF4

Although the interaction between USP4 and Nlk was readily
detected, the interaction with TCF4 was experimentally more
 challenging. This could be due to suboptimal binding condi-
tions or to the preference for post-translational modifications
of one or both partners. To test this possibility we performed a
reverse co-immunoprecipitation where USP4-GFP instead of
HA-TCF4 was used as bait (compare to Fig. 3B). HA-TCF4 was
readily co-precipitated under these conditions but appeared as
two closely migrating bands, indeed suggesting the involve-
ment of a post-translational modification (Fig. 7A). A side-
by-side comparison of the input and the immunoprecipitated
HA-TCF4 (Fig. 7B) clearly illustrates the size difference of the
post-translationally modified form of HA-TCF4 that USP4 pref-
erentially interacts with.

The interaction of USP4 with both Nlk and TCF4 suggests that
they could be substrates of USP4 DUB activity. Although both
 proteins were found to be ubiquitinated (Fig. 8A and B) and targeted
for proteasomal degradation, overexpression of USP4 did not
induce detectable differences in the ubiquitination pattern or steady
state levels of the proteins (not shown). However, knowing that
USP4 preferentially interacts with a post-translationally modified
form of TCF4 we tested whether this subpopulation of TCF4 proteins
is specifically targeted by USP4 DUB activity. To this end, co-
immunoprecipitations with an anti-GFP antibody were performed on
HEK293T cells expressing HA-tagged ubiquitin (HA-Ub), HA-TCF4

Fig. 5 USP4 localization is predominantly cytoplasmic. (A) Representative
micrographs of HEK293T cells transiently transfected with USP4-GFP
and the active site mutant USP4C311S-GFP. GFP fluorescence to the left
and Hoechst counter staining to the right (B) Quantification of cells in A
by scoring for localization of the GFP; C 
 N (predominant cytoplasmic
staining), C � N (equal in cytoplasm and nucleus), C 	 N (predominant
nuclear staining). Values are expressed as percent of GFP fluorescent
cells with a specific localization � S.D. One representative experiment
 performed in triplicate.
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and either USP4-GFP or USP4C311S-GFP. The level of ubiquitinated
TCF4 was then detected by Western blot analysis using an anti-HA
antibody. A smear of high molecular weight species corresponding
to ubiquitinated TCF4 was clearly detected in immunoprecipitates of
cells expressing USP4C311S-GFP (Fig. 8C). Thus, catalytically inac-
tive USP4 appears to specifically associate with polyubiquitinated
TCF4, indicating that it is a target of USP4 DUB activity.

Discussion

By using an RNAi library that allows selective knock-down of individ-
ual human DUBs we have shown that USP4 acts as a regulator of the
Wnt signalling pathway. USP4 interacts with Nlk, a negative regula-
tor of Wnt signalling, and a catalytically active Nlk promotes the
nuclear accumulation of USP4. Furthermore, USP4 interacts with a
post-translationally modified form of the transcription factor TCF4
that appears to be a substrate of USP4 DUB activity. Taken together
our data identify USP4 as a new negative regulator of the canonical
Wnt signalling pathway. It seems likely that USP4 will do so in the
nucleus, probably by interfering with a transcriptional regulatory
complex that includes TCF4. It should be noted that additional DUBs
regulating Wnt signalling may still be discovered because our screen
was specifically designed to detect DUBs acting downstream of the
destruction complex and the library used [27] did not include newly
discovered DUBs such as Trabid that was recently shown to regulate
Wnt responses in both mammals and Drosophila [38].

Fig. 6 The Nlk promotes the nuclear localization of USP4. (A)
Representative micrographs of HEK293T cells transiently transfected
with USP4-GFP or USP4C311S-GFP together with either FLAG-Nlk or the
catalytically inactive FLAG-NlkK155M as indicated. GFP fluorescence in
green, FLAG immunostaining of the same cells in red and Hoechst stain-
ing in blue. (B) Quantification of cells in A by scoring for localization of
the GFP fluorescence in FLAG-Nlk or FLAG-NlkK155M positive cells. C 

N (predominant cytoplasmic staining), C � N (equal in cytoplasm and
nucleus), C 	 N (predominant nuclear staining). Values are expressed as
percent GFP fluorescent cells with a specific localization � S.D. One rep-
resentative experiment performed in triplicate.

Fig. 7 USP4 interacts preferentially with a modified form of TCF4. (A)
Western blot analysis of co-immunoprecipitation experiments where HA-
TCF4 was co-transfected with USP4-GFP or GFP as control in HEK293T
cells. Immunoprecipitations from whole cell lysates were performed using
an anti-GFP antibody. The co-immunoprecipitated HA-TCF4 appears as
two closely migrating bands (big arrows, upper panel). A slower migrat-
ing band specific for HA-TCF4 expression that reacts with the HA antibody
is of unknown identity and appears above 75 kD, here marked with a small
arrow. A background band appearing with the HA antibody in the input
sample is indicated with an asterisk. Input sample identified with a GFP
antibody in the two lower panels. (B) Western blot using an anti-HA anti-
body illustrating HA-TCF4 input material next to the HA-TCF4 that has
been co-immunoprecipitation with USP4-GFP. A modified form of HA-
TCF4 enriched after USP4-GFP immunoprecipitation is indicted.
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Deregulation of the Wnt pathway and nuclear accumulation of
�-catenin are hallmarks of many human tumours [8, 9]. Our data
suggest that USP4 may counteract the oncogenic properties of
activated Wnt signalling and act as a tumour suppressor.
Interestingly, the USP4 gene is localized in a region on the short
arm of chromosome 3 (3p21.3) that is often deleted in human
epithelial tumours, such as carcinomas of the lung, breast, kidney
and ovary [39–44], which show deregulated Wnt signalling
[45–47]. The possibility that USP4 may act as a negative regula-
tor of tumour cell growth is also supported by the reduced expres-
sion in a panel of human lung cancer cell lines [48]. However,
USP4 was found among the most up-regulated genes in adreno-
cortical carcinomas [49] and overexpression studies suggest a

role of USP4 in malignant transformation [50]. This may reflect a
highly selective mode of action and stresses the importance of a
careful dissection of USP4 function in different cell types.

We have shown that USP4 knock-down enhances Wnt signalling
in cells where the pathway is activated either by mutations in APC
(SW480 cells), by transfection of constitutively active �-catenin or
by co-expression of the physiological Wnt1 ligand (HEK293 cells).
However, overexpression of USP4 alone was not sufficient to impair
signalling, suggesting that specific protein interactions or rate limit-
ing post-translational modifications may be required for its
inhibitory function. In agreement with this possibility we found that
co-expression with a catalytically active Nlk results in nuclear accu-
mulation of USP4, where it may interact with a post-translationally
modified TCF4 species representing only a minor fraction of the
transfected TCF4 detected in a total cell lysate. Previously reported
modifications of TCF transcription factors include ubiquitination
[51], sumoylation [52], phosphorylation [22] and acetylation [53].
Considering the size of the slow migrating band, phosphorylation or
acetylation appears most probable; however, the true nature of this
post-translational modification remains to be determined.

Our data suggest that USP4 represses Wnt signalling by acting
downstream of �-catenin stabilization. Nlk is also a negative reg-
ulator, acting at a late step of the signalling cascade. Two different
modes of action have been described: first, direct phosphorylation
of TCF4, which impairs DNA binding [22], and second, induction
of TCF4 ubiquitination and degradation through recruitment of the
Nlk-associated ring finger protein, NARF [51]. We have found that
Nlk interacts with USP4 and induces its accumulation in the
nucleus. The cellular localization of USP4 has been a matter of
debate because different reports have found it to be prevalently
expressed either in the nucleus [50] or cytoplasm [48] of different
cell types. This apparent discrepancy was recently resolved by the
finding that USP4 contains nuclear import and export signals and
has therefore nucleocytoplasmic shuttling properties [34]. Our
data add to these observations and suggest that phosphorylation
of USP4, or a yet unidentified USP4 interacting protein, may be
required for its nucleocytoplasmic  shuttling because only the cat-
alytically active Nlk was capable of inducing nuclear accumulation.
This is likely to be an important requirement for the effect of USP4
on Wnt signalling because we placed its target downstream of 
�-catenin stabilization and the other identified USP4 interacting
protein, TCF4, is mainly a nuclear protein.

Although we could confirm that both Nlk and TCF4 are ubiq-
uitinated and short-lived proteins, their steady state levels were
not affected by USP4 expression (not shown). The finding that
USP4 hydrolyses both K48- and K63-ubiquitin chains with equal
efficiency is in this context particularly interesting because it
suggests that regulation of Wnt signalling by USP4 may not nec-
essarily involve the stabilization of specific substrates. It is
tempting to speculate that the preferential interaction of USP4
with post-translationally modified TCF4 and the detection of
ubiquitinated TCF4 in complexes containing the inactive USP4
may reflect the capacity of this DUB to regulate either the stabil-
ity, or the activity of the transcription factor. It is noteworthy that
K63-linked polyubiquitin chains were shown to be a preferred 

Fig. 8 USP4 deubiquitinates TCF4. (A) Western blot illustrating ubiquiti-
nated Nlk. HEK293T cells were co-transfected with FLAG-Nlk and HA-
ubiquitin as indicated. In order to accumulate ubiquitinated material the cells
were treated with the proteasome inhibitor MG132 (10 �M) 4 hrs prior to
immunoprecipitation with an anti-FLAG antibody. (B) Same as in A but  
co-transfection with the HA-TCF4 expression plasmid. (C) Co-transfections
in HEK293T cells performed as indicated. Immunoprecipitation was per-
formed 3 days after transfection with an anti-GFP antibody and the Western
blot was probed against HA, illustrating the ubiquitinated TCF4 interacting
with USP4C311S-GFP. Input samples were loaded and probed as indicated to
ensure expression of all plasmids.
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target of the recently identified positive regulator of Wnt sig-
nalling Trabid [38], supporting the possibility that this type of
chains may play a yet unidentified role in the regulation of �-
catenin mediated transcription.

In conclusion, our finding that USP4 knock-down results in
hyperactivation of the canonical Wnt signalling pathway high-
lights a new regulatory mechanism that may play an important
role in a variety of physiologic and pathologic conditions includ-
ing cancer. Further work in this area is required to increase our
understanding of the complex regulation of the canonical Wnt
signalling pathway.
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