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A key effector of the canonical Wnt pathway is B-catenin, which binds to TCF/LEF factors to promote the
transcription of Wnt target genes. In the absence of Wnt stimulation, B-catenin is phosphorylated
constitutively, and modified with K48-linked ubiquitin for subsequent proteasomal degradation. Here, we
identify Trabid as a new positive regulator of Wnt signaling in mammalian and Drosophila cells. Trabid show
a remarkable preference for binding to K63-linked ubiquitin chains with its three tandem NZF fingers (Npl4
zinc finger), and it cleaves these chains with its OTU (ovarian tumor) domain. These activities of Trabid are
required for efficient TCF-mediated transcription in cells with high Wnt pathway activity, including colorectal
cancer cell lines. We further show that Trabid can bind to and deubiquitylate the APC tumor suppressor
protein, a negative regulator of Wnt-mediated transcription. Epistasis experiments indicate that Trabid acts
below the stabilization of B-catenin, and that it may affect the association or activity of the TCF-B-catenin
transcription complex. Our results indicate a role of K63-linked ubiquitin chains during Wnt-induced

transcription.
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The Wnt signaling pathway regulates numerous pro-
cesses during normal animal development. It also con-
trols stem and progenitor cell types in adult tissues, in-
cluding those in the intestinal epithelium (Reya and
Clevers 2005). In humans, the majority of sporadic and
hereditary colorectal tumors are due to hyperactivation
of the Wnt pathway caused by inactivating mutations in
APC (Adenomatous polyposis coli) or activating muta-
tions in B-catenin (Bienz and Clevers 2000; Polakis
2000).

In the absence of Wnt stimulation, an active mecha-
nism operates to down-regulate B-catenin, the key effec-
tor of the canonical Wnt pathway (Kimelman and Xu
2006). This involves the constitutive phosphorylation of
B-catenin by the Axin complex that also includes APC,
glycogen synthase kinase 3 (GSK3B), and casein kinase
I. Phosphorylated B-catenin is recognized by B-TrCP, an
F-box-containing adaptor, which binds to an SCF ubiq-
uitin ligase (Winston et al. 1999). The latter conjugates a
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K48-linked ubiquitin chain to phosphorylated B-catenin,
which earmarks it for subsequent proteasomal degrada-
tion (Aberle et al. 1997). Binding of Wnt ligand to its
transmembrane receptor leads to Dishevelled-mediated
inhibition of the Axin complex; as a consequence, un-
phosphorylated B-catenin accumulates and associates
with TCF/LEF factors in the nucleus, to stimulate the
transcription of Wnt target genes. This involves the re-
cruitment of a wide range of transcriptional cofactors to
the C terminus of B-catenin, including the chromatin
modifier and remodeling factors CBP, Brg-1, and SET1
(Hecht et al. 2000; Takemaru and Moon 2000; Barker et
al. 2001; Sierra et al. 2006); TATA-binding and associ-
ated factors (Hecht et al. 1999; Bauer et al. 2000); and the
transcriptional elongation factor Parafibromin (Mosi-
mann et al. 2006). Through a more N-terminal segment,
B-catenin binds to the BCL9-Pygopus complex, to re-
cruit an unknown transcriptional coactivator (Kramps et
al. 2002) and/or to facilitate efficient recruitment of -
catenin to TCF target genes (Townsley et al. 2004; de la
Roche and Bienz 2007). Thus, the key output of canoni-
cal Wnt signaling is a switch in transcription.

The same SCF ubiquitin ligase complex that regulates
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B-catenin also controls the NF-kB pathway: Following
TNF-a stimulation, this complex conjugates a K48-
linked ubiquitin chain to phosphorylated IkB, an inhibi-
tor of NF-«B. The subsequent proteasomal degradation of
ubiquitylated IkB allows NF-kB to accumulate in the
nucleus and to stimulate the transcription of NF-kB tar-
get genes (Chen 2005). Notably, several components of
the NF-kB pathway are also regulated by K63-linked
polyubiquitylation. The TNF receptor-associated factors
TRAF2, TRAFG6, RIP, and the NEMO subunit of the IkB
kinase are modified by K63-linked ubiquitin chains
(Wang et al. 2001; Shi and Kehrl 2003; Ea et al. 2006; Wu
et al. 2006), which are thought to mediate the recruit-
ment and activation of their effectors. For example, the
binding of TAB2 to Ké63-polyubiquitylated TRAF6,
NEMO, and RIP appears to be required for activation of
NF-«B (Kanayama et al. 2004). TAB2 binds to its poly-
ubiquitylated substrates via its NZF motif (Npl4 zinc
finger), one of many different ubiquitin-binding domains
(Hicke et al. 2005) that bind to the commonly recognized
hydrophobic “Ile44 patch” of the ubiquitin surface
(Alam et al. 2004).

The deubiquitylating (DUB) enzyme A20 antagonizes
the NF-kB pathway, by removing the K63-linked poly-
ubiquitylation of RIP, which appears to be necessary for
its ability to down-regulate TNF-a-induced NF-«B activ-
ity (Wertz et al. 2004). A20 belongs to the OTU (ovarian
tumor) family of DUBs, which includes the largely un-
characterized proteins Cezanne and Trabid. The OTU
domain is a conserved cysteine protease that possesses
DUB activity (Balakirev et al. 2003). Overexpressed Ce-
zanne can also down-regulate NF-«B signaling, whereas
overexpressed Trabid had negligible effects on this path-
way (Evans et al. 2001).

Here, we report our discovery of Trabid as a new APC-
interacting protein and a positive regulator of Wnt re-
sponses in mammalian cells and Drosophila. We show
that its variant OTU domain exhibits DUB activity, and
that it deubiquitylates APC. Its remarkable preference
for binding to, and cleaving, K63-linked ubiquitin chains
are critical for Trabid’s function in TCF-mediated tran-
scription. Epistasis analysis suggests that the TCF-§-
catenin complex is the functional target of Trabid.

Results

We conducted a yeast two-hybrid (Y2H) screen with the
armadillo repeat domain (ARD) of mouse Apc, and coun-
terscreened 13 independent positives with a mutant
ARD bearing a point mutation in its putative surface
that, in Drosophila, causes inactivation of E-APC (Ha-
mada and Bienz 2002). This revealed two isolates that
were sensitive to this mutation (Supplemental Fig. S1A).
One of these encodes an internal fragment of mouse Ce-
zanne overlapping its OTU domain (residues 252-403),
which shows high sequence similarity to Trabid, and
also to dTrbd, the Trabid ortholog in Drosophila and
only representative of the A20 OTU family in flies
(Supplemental Fig. S1B). The Cezanne Y2H fragment,
and a similar OTU-spanning fragment from human Tra-

Trabid controls TCF-mediated transcription

bid, both coimmunoprecipitate preferentially with wild
type rather than mutant ARD in cotransfected 293 cells
(Supplemental Fig. S1C). The same selective association
is also seen with full-length Flag-dTrbd (Fig. 1A). Fur-
thermore, Flag-Trabid coimmunoprecipitates with coex-
pressed GFP-APC(1-1447), an ARD-spanning APC frag-
ment similar to APC type 1 truncations typically found
in colorectal cancer cells (Rosin-Arbesfeld et al. 2003),
but not with coexpressed GFP-APC(918-1698) that lacks
the ARD (Fig. 1B). These sequence-specific interactions
in yeast and mammalian cells indicate that Trabid, Ce-
zanne, and dTrbd may be bona fide direct ARD ligands.

To gain further support for this, we used a colocaliza-
tion assay, exploiting a Trabid mutant (C443S) (see be-
low; Fig. 3, below) that forms distinct cytoplasmic
puncta in cells: A significant fraction of transfected 293
cells (9%) show recruitment of APC(1-1447) into these
puncta (Fig. 1C), but we never see recruitment of
APC(918-1698) or of a C-terminal APC fragment (Fig.
1D,E). These results suggest that the association be-
tween APC and Trabid may be conditional or labile,
which could explain why we were not able to detect
reliably the association of endogenous APC and Trabid.

Intriguingly, we also found that HA-Trabid coimmu-
noprecipitates with Flag-tagged B-TrCP, an adaptor be-
tween SCF E3 ligase and Axin—-APC complex (Kitagawa
et al. 1999), and even more strongly with a dominant-
negative version (called AF) that cannot bind to the SCF
ligase (Supplemental Fig. S2). We believe that this asso-
ciation between Trabid and B-TrCP is mediated by APC
since we cannot detect direct binding between Trabid
and B-TrCP in vitro (data not shown).

We conclude that Trabid is a bona fide APC-interact-
ing protein that associates with its ARD in a sequence-
specific fashion. We note that this ARD, like the ARD of
B-catenin, has multiple ligands, including a regulatory
subunit of protein phosphatase 2A (Seeling et al. 1999),
itself a positive regulator of Wnt signaling (Ratcliffe et al.
2000); a guanine nucleotide exchange factor called Asef,
whose association with APC appears to control cell mi-
gration (Kawasaki et al. 2000, 2003); and another se-
quence-specific ligand called AMER1, a membrane-asso-
ciated protein that regulates APC’s subcellular distribu-
tion (Grohmann et al. 2007).

Trabid cleaves preferentially K63-linked ubiquitin
chains

One defining feature of Trabid orthologs is a conserved
D > A substitution three residues upstream of the puta-
tive catalytic C443 residue (Fig. 2A, boxed). Other cys-
teine proteases exhibit an aspartate in this position,
which is part of the catalytic Asp Cys His triad (Maka-
rova et al. 2000; Balakirev et al. 2003), though in the A20
OTU domain, a more N-terminal aspartate occupies the
active site (Komander and Barford 2008). We asked
whether this variant OTU domain of Trabid has DUB
activity.

To test this, we incubated immunoprecipitated HA-
Trabid from 293T cells in vitro with synthetic ubiquitin
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Figure 1. Association between Trabid @
and APC proteins. (A,B) Immunoprecipita- g
tions between Flag-dTrbd and Drosophila >
APC (HA-E-APC) (A) or Flag-Trabidandan O
N-terminal truncation of human APC, %
GFP-APC(1-1447) (B), in cotransfected 293
cells, as indicated in panels. (C-E) Immu-
nofluorescence of 293 cells cotransfected
with HA-Trabid C443S and different GFP-
tagged APC fragments, as indicated, fixed ®
and stained with a-HA antibody (red in &
merge) and DAPI (blue in merge, to reveal g
the nuclei; see also Supplemental Fig. S5). o
Recruitment of GFP-APC(1-1447) into 8
C443S puncta was observed in 9% of o
transfected cells (n=100); neither <
APC(918-1698) nor APC(2068-2843) colo-
calized with these puncta (n = 100).
chains (consisting of two to seven monomers; Ub2-Ub7) predominantly directed toward the longer chains in the
linked via ubiquitin K48 or K63. HA-Trabid cleaved K63- mixture (Ub6, Ub7) (Fig. 2B). As expected, mutation of

linked but not K48-linked ubiquitin; the activity was the catalytic cysteine (C443S) (Fig. 2A) blocked the DUB
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Figure 2. Cleavage of K63-linked ubiquitin by Trabid. (A) Do-
mains of human Trabid and alignment of the invariant cys-
teines and histidines (shaded in black) of three human OTU
family members, with putative catalytic cysteine (C443 in Tra-
bid) and histidine residues shaded, and the D > A substitution
characteristic of Trabid orthologs boxed. (B) DUB assays, with
wild-type and mutant HA-tagged Trabid immunoprecipitated
from transfected 293T cells, as indicated, incubated with K48-
or K63-linked ubiquitin (Ub2-7). (C) In vitro DUB assays, with
wild-type and mutant GST-tagged C- or N-terminal fragments
of Trabid expressed in bacteria (left; see also Fig. 3C), incubated
with K63-linked ubiquitin (Ub2~7; right). (Ub-Al) Ubiquitin al-
dehyde.

activity, as did mutation of the first invariant cysteine in
the third NZF motif (C155A) (see below; Fig. 3); both
mutants were expressed at levels comparable with the
wild type (Supplemental Fig. S3; data not shown).

Trabid controls TCF-mediated transcription

To rule out that the observed DUB activity was due to
coprecipitating proteins, we conducted in vitro DUB as-
says with bacterially expressed GST-tagged OTU do-
main (GST-Trabid CT) (Fig. 2C). Wild-type GST-Trabid
CT, but not C443S, cleaved K63-linked ubiquitin chains
(Fig. 2C, cf. lanes 3and 1,4-6), while an N-terminal frag-
ment spanning the NZF motifs (GST-Trabid NT, amino
acids 1-354) was inactive (Fig. 2B, lane 6). Thus, the C
terminus of Trabid exhibits DUB activity without its
N-terminal NZF motifs (possibly because this in vitro
assay involves relatively high protein concentrations).
Importantly, preincubation of GST-Trabid CT with
ubiquitin aldehyde, a specific DUB inhibitor, signifi-
cantly reduced its DUB activity (Fig. 2B, lane 5). We con-
clude that the OTU domain of Trabid possesses DUB
activity with a preference for K63-linked ubiquitin.

Trabid exhibits a striking binding preference
for K63-linked ubiquitin chains

A second defining feature of Trabid orthologs are their
three tandem NZF motifs, each of which bears the T,,
F/Y,, ®,, signature of ubiquitin-binding NZF motifs
(Fig. 3A); based on previous structural analysis of the
Npld-ubiquitin complex (Alam et al. 2004), these are
predicted to be NZF surface residues that participate di-
rectly in ubiquitin binding. We generated mutations in
these signature motifs (TY > LV) of HA-Trabid, and also
in the first invariant cysteines of its NZF motifs, indi-
vidually or combined, and tested the binding of these
mutants to synthetic ubiquitin chains in vitro after im-
munoprecipitation from transfected 293T cells. HA-Tra-
bid bound to K63-linked but not K48-linked Ub4-Ub6
(Supplemental Fig. S4A, note that Ub4-6 were enriched
in the precipitate compared with the input), but less
binding was observed with the NZF mutants, whereas
C443S showed somewhat increased binding (Supplemen-
tal Fig. S4A, lanes 7-12). Strikingly, C443S, but not the
NZF mutants, coprecipitated an abundance of endog-
enous proteins from 293T cell lysates that are also de-
tectable, albeit to a lesser extent, in the wild-type pre-
cipitates (Fig. 3B; Supplemental Fig. S4A, asterisks).
These are likely to represent ubiquitylated substrates
bound to Trabid’s NZF fingers, trapped by the catalyti-
cally dead OTU domain of this C443S mutant (as ob-
served previously with catalytically dead Cezanne)
(Evans et al. 2003). We confirmed this by combining
C443S with NZF mutations, which eliminated the sig-
nal from endogenous ubiquitylated proteins (Fig. 3B, see
also D).

To demonstrate direct ubiquitin binding by the NZF
fingers, we used in vitro pull-down assays with bacteri-
ally expressed GST-Trabid NT, which revealed a remark-
able preference for K63- versus K48-linked ubiquitin (Fig.
3C; Supplemental Fig. S4B). This was somewhat surpris-
ing, given the lack of specificity in ubiquitin binding
seen with other (individual) NZF fingers (Alam et al.
2004; Kanayama et al. 2004). We thus wondered whether
Trabid’s preference for K63-linked chains might be due
to the tandem linkage of its three NZF motifs (Fig. 3A).
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This is the case: Individual NZF mutations did not
affect ubiquitin binding (Fig. 3D, though note the bind-
ing bias of NZF3mut toward shorter chains). However,
simultaneous mutation of two NZF motifs strongly re-
duced binding (Fig. 3D, lanes 7-9), while no binding was
detectable after mutation of all three NZF motifs (Fig.
3D, lane 10). None of these mutants bound to K48-linked
ubiquitin (data not shown). Thus, the minimal module
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conferring selective binding to K63-linked ubiquitin
comprises at least two linked NZF motifs.

Another striking property of C443S is its ability to
produce distinct puncta in the cytoplasm of transfected
293 cells (Fig. 3E), in addition to diffuse staining through-
out the cytoplasm and nucleus (as seen with wild-type
Trabid) (see below; Supplemental Fig. S5). No puncta are
seen with C443S double mutants, which also bear NZF



mutations that eliminate their ubiquitin binding (Fig.
3F), suggesting that the C443S puncta represent sites of
concentrated ubiquitylated protein. So far, we have not
been able to identify independent markers for these sites.

Trabid is required for TCF-dependent transcription

We used RNAI in different human cell lines to examine
the roles of Trabid and Cezanne in Wnt signaling. Affin-
ity-purified antibody against the Trabid N terminus re-
vealed that Trabid is expressed in 293 cells, both in the
cytoplasm and nucleus (Supplemental Fig. S5A,B). This
subcellular distribution does not appear to change after
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Wnt stimulation, although Trabid is more nuclear in the
colorectal cancer cell line SW480 (Supplemental Fig.
S5C), which expresses truncated APC (Morin et al. 1997)
that accumulates to some extent in the nucleus (Rosin-
Arbesfeld et al. 2000, 2003). Similar patterns of subcel-
lular distribution are seen with overexpressed HA-Tra-
bid (Supplemental Fig. S5D-F).

Next, we tested the specificity and efficiency of deple-
tion of different siRNAs after transfection of 293T cells
with HA-Trabid or HA-Cezanne (Supplemental Fig. S6).
We also established that Trabid- but not Cezanne-specific
siRNAs reduced the level of endogenous Trabid transcripts
(Supplemental Fig. S6A) and protein in these cells (Fig. 4A).
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Figure 4. Requirement of Trabid for efficient TCF-mediated transcription. (A) Western blot showing siRNA depletion of endogenous
Trabid in 293 cells (internal control, a-TLE). (B-D) Real-time quantitative RT-PCR assays, after transfection of 293 cells with siRNAs
as in A, monitoring transcript levels of the Wnt target genes c-MYC, AXIN2, and BCL9, as indicated, after treatment of cells with
control (L-CM) or Wnt3A-conditioned (W3a-CM) medium. (E) TOPFLASH luciferase assays, after two subsequent transfections of
SW480 cells with siRNAs, with or without re-expression of wild-type and mutant HA-tagged AsiRNA Trabid rescue constructs, as
indicated; control FOPFLASH values are also shown. Relative luciferase values are shown (statistical significance, [*] P < 0.01; [**]
P < 0.05). (Below) Western blots showing HA-Trabid expression from one representative experiment (a-tubulin, loading controls). (F)
NF-kB-dependent luciferase reporter assays in 293T cells transfected with siRNAs as in A and cotransfected with the expression
vectors as indicated. (Below) Western blots showing expression levels. Error bars in this and subsequent figures indicate standard
deviations from the mean, from two or three independent experiments (performed in duplicate).
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We then measured the expression levels of two well-
established transcriptional targets of Wnt signaling, c-
MYC (He et al. 1998; van de Wetering et al. 2002; Sansom
et al. 2007) and AXIN2 (Jho et al. 2002; Lustig et al.
2002), by using quantitative RT-PCR on RNA isolated
from 293 cells (which we found to be more Wnt-respon-
sive than 293T cells). We confirmed that the transcript
levels of ¢-MYC and AXIN2 were induced more than
twice in cells transfected with control siRNA after ex-
posure to Wnt3A (Fig. 4B,C). We also confirmed that the
transcript levels of BCL9 are induced more than twice by
Wnt3A (Fig. 4D), as described recently (M. de la Roche
and M. Bienz, in prep.). Importantly, the stimulation of
all three Wnt target genes was blocked in Trabid-de-
pleted cells (Fig. 4B-D) while the values of the control
HPRT transcripts did not change significantly after Wnt
stimulation (data not shown). Trabid depletion also re-
duced the expression of AXIN2 and BCL9 somewhat in
unstimulated 293 cells (Fig. 4C,D), reflecting a low level
of constitutive Wnt pathway activity in these cells.
Thus, Trabid is required for the efficient transcription of
endogenous TCF target genes.

We also monitored the effects of Trabid depletion on
SW480 colorectal cancer cells, using the TOPFLASH as-
say (based on a luciferase reporter linked to multiple
TCF-binding sites), a highly specific and quantitative
readout of Wnt pathway activity (Korinek et al. 1997).
Trabid depletion reduced the TOPFLASH values to
~40% of control cells, whereas Cezanne depletion had no
effect (Fig. 4E). The activity of a luciferase reporter con-
taining mutated TCF-binding sites (FOPFLASH) was un-
affected (Fig. 4E). Conversely, overexpression of HA-Tra-
bid in SW480 cells, but neither of C155A nor C443S,
increased the TOPFLASH values slightly relative to the
controls (Fig. 4E, lanes 1,7-9). Thus, Trabid but not Ce-
zanne is required for efficient TCF-mediated transcrip-
tion in these APC-mutant colorectal cancer cells.

Given the strong functional link of Trabid relatives to
NF-kB signaling (see above), we also tested whether NF-
kB-dependent transcription is sensitive to Trabid deple-
tion. We transfected 293T cells with a luciferase reporter
containing multiple NF-«B-binding sites and stimulated
them by cotransfection of the TNF receptor II (TNFR-II),
which resulted in an approximately seven times increase
of NF-kB-dependent transcription (compared with the
vector control), which was unaffected in Trabid-depleted
cells (Fig. 4F, lanes 4,10). Further controls in this experi-
ment included cotransfection with a dominant-negative
IxB (IkB-DN) protein that effectively blocked the TNFR-
1II induction and with Wnt3A, which did not affect this
NF-«B reporter assay (Fig. 4F). Thus, Trabid is not re-
quired for NF-kB-mediated transcription, consistent
with the previous conclusions based on Trabid overex-
pression (Evans et al. 2001).

DUB activity and ubiquitin binding are important
for Trabid’s function in TCF-dependent transcription

To rule out off-target effects of Trabid siRNAs, we con-
ducted rescue experiments in Trabid-depleted SW480
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cells with re-expressed Trabid constructs bearing silent
mutations that rendered them refractory to the siRNAs
(AsiRNA constructs) (Supplemental Fig. S6C). Wild-type
HA-Trabid,;zpa restored TOPFLASH activity to ~70%
of matched controls (Fig. 4E, lanes 1,3,10), but neither
C443S s qirna NOr C155A ,;rnya Were able to restore any
activity (Fig. 4E, lanes 3,11,12), despite being expressed
at similar levels to the wild type (Fig. 4E, bottom panel).
Similar results were observed in Wnt3A-stimulated 293
cells (Supplemental Fig. S7). Thus, the ubiquitin-binding
and DUB activities of Trabid are required for its function
in TCF-mediated transcription in SW480 colorectal can-
cer cells.

Epistasis analysis indicates that Trabid acts
downstream from stabilized B-catenin

We conducted epistasis experiments, based on TOP-
FLASH assays in Trabid-depleted 293T cells, to identify
the level within the Wnt signaling cascade at which Tra-
bid acts. First, we examined cells transfected with a plas-
mid encoding Wnt3A, which stimulated TOPFLASH ap-
proximately six times, and induced the accumulation of
B-catenin (Fig. 5A). In Trabid-depleted cells, the TOP-
FLASH values were reduced to ~30% of the control, but
the Wnt3A-induced accumulation of B-catenin was un-
affected (Fig. 5A, lanes 2,4), suggesting that Trabid acts
below the stabilization of B-catenin.

Given its role in ubiquitin conjugation, and its asso-
ciation with Trabid (Supplemental Fig. S2), we also asked
whether B-TrCP might be affected by Trabid depletion.
Dominant-negative 3-TrCP (AF) induced the TOPFLASH
activity in a dose-dependent manner, similarly to previ-
ous results (Kitagawa et al. 1999), but this was reduced
more than two times in Trabid-depleted cells (Supple-
mental Fig. S8A). Similarly, the high TOPFLASH activi-
ties due to Dishevelled overexpression or to inhibition of
GSK3 by LiCl were reduced to <50% after Trabid deple-
tion, whereas the stabilization of B-catenin was unaf-
fected under these conditions (Supplemental Fig. S8B,C).

Finally, we transfected 293T cells with B-cateninA45S
(A45S), an activated nonphosphorylatable form of
B-catenin (Morin et al. 1997), which resulted in >35
times stimulation of TOPFLASH (Fig. 5B). However, in
Trabid-depleted cells, the TOPFLASH values were re-
duced to ~40% (Fig. 5B, lanes 2,4). Consistent with this,
Trabid depletion in HCT-116 colorectal cancer cells
(that harbor the same A45S mutation) (Morin et al. 1997)
resulted in an ~50% reduction of their TOPFLASH ac-
tivity compared with control cells (Supplemental Fig.
S9). This corroborates our conclusion that Trabid is re-
quired for the transcriptional activity rather than the sta-
bilization of B-catenin.

LEF1 chimeras bearing heterologous transactivation
domains (TADs) function independently of Trabid

Chimeras between LEF1 and heterologous TADs po-
tently stimulate TCF-dependent transcription (Hsu et al.
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Figure 5. [Epistasis analysis of Trabid’s function in the Wnt pathway. TOPFLASH assays in 293T cells transfected with siRNAs as in
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1998; Ishitani et al. 2005). We asked whether their ac-
tivities would depend on Trabid. We first tested a chi-
mera between LEF1 and the C terminus of B-catenin (the
main recruitment domain for transcriptional coactiva-
tors) (see above). This chimera (called catC-LEF1A56
since it lacks its B-catenin-binding domain) (Hsu et al.
1998) mediates strong dose-dependent transactivation of
TOPFLASH in transfected 293 cells (Fig. 5C, lanes 1-3),
as shown previously (Hsu et al. 1998). This activity was
barely affected by Trabid depletion (Fig. 5C, lanes 7,8).
Indeed, if the slightly reduced expression levels of the
chimera in Trabid-depleted cells are taken into account
(Fig. 5C, values below panels), then the activity of catC-
LEF1A56 is judged to be independent of Trabid.

We also tested another chimera—namely, LEF1—
without its N terminus fused to the TAD from the viral
protein VP16 (VP16-LEF1AN), which stimulates TCF-de-
pendent transcription (Fig. 5C, lanes 4,5) as shown pre-
viously (Ishitani et al. 2005). Again, VP16-LEF1AN was
independent of Trabid, showing essentially the same
dose-dependent transactivation of TOPFLASH irrespec-
tive of Trabid depletion (Fig. 5C, lanes 9,10). These re-
sults argue that Trabid is neither required for the activity
of LEF1 itself (or of its regulators, such as TAK1/NEMO-

like kinase; Ishitani et al. 2003) nor for its natural coac-
tivators or those recruited by the VP16 TAD. Instead,
Trabid appears to affect the association of LEF1 with
B-catenin, which is bypassed by direct linkage in these
chimeras.

Trabid depletion results in hyperubiquitylation
of APC

To identify a substrate for Trabid’s DUB activity, we
asked whether Trabid depletion would affect the ubiqui-
tylation of Wnt signaling components. We first focused
on APC to which Trabid binds (Fig. 1) and that has been
shown to be ubiquitylated and subject to proteasome-
mediated degradation (Choi et al. 2004). Note also that
APC can be nuclear (Rosin-Arbesfeld et al. 2000, 2003)
and is recruited to TCF target genes after Wnt stimula-
tion to attenuate their transcription (Sierra et al. 2006),
in addition to its main function in the cytoplasm pro-
moting the phosphorylation and degradation of
B-catenin (see above), which appears to be unaffected by
Trabid (Fig. 5A,B). We thus depleted Trabid in 293 cells
stimulated with Wnt3A and prepared nuclear fractions
to examine specifically nuclear APC.
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This revealed a slight increase of the nuclear APC lev-
els in Trabid-depleted cells, both before and after Wnt
stimulation (Fig. 6A, lanes 1-4). Furthermore, the band
corresponding to full-length APC decreased after Trabid
depletion, and a smear of higher-molecular-weight
(HMW) APC bands appeared, particularly noticeable in
Wnt-stimulated cells that had been pretreated with the
proteasome inhibitor MG132 (Fig. 6A, lanes 6,8, aster-
isk). This HMW smear may thus reflect ubiquitylated
APC. Under the same conditions, HMW bands corre-
sponding to ubiquitylated B-catenin were also apparent
(Aberle et al. 1997); however there was no obvious
change of these (Fig. 6A, lanes 5-8), consistent with our
conclusion that Trabid acts below the stabilization of
B-catenin.

To demonstrate directly that Trabid affects the ubiq-
uitylation of APC, we conducted the same analysis after
overexpressing HA-ubiquitin, followed by immunopre-

cipitation with anti-HA antibody, to selectively examine
the ubiquitylated protein pool. This revealed an increase,
and upshift, of the APC antibody-reactive bands in Tra-
bid-depleted cells, especially noticeable after MG132
treatment (Fig. 6B, top panel, note also the subtle up-
shifts of the APC bands in the input lanes, middle panel).
We conclude that APC becomes hyperubiquitylated after
Trabid depletion, indicating that APC is a direct enzy-
matic target of Trabid.

We also examined other nuclear Wnt signaling com-
ponents in the same way, including B-catenin and TCF
factors. However, we only found minor changes in Tra-
bid-depleted cells: a slight increase of the cytoplasmic
levels of B-catenin, but a slight decrease of its nuclear
levels (Fig. 6C,E [lanes 11,12], D; see also Fig. 5) and of
the predominant TCF factors in these cell lines, TCF3
and TCF4 (Fig. 6C [lanes 7,8], D). In contrast, LEF1 (ex-
pressed at low levels in these cells) and the B-catenin-
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Figure 6. Hyperubiquitylation of APC in Trabid-de-
pleted cells. Western blots of nuclear or cytoplasmic
fractions 24 h after transfection of 293 (A,B,D) or 293T
(C) cells transfected with siRNAs (A-D) (as in Fig. 4F)
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binding protein Parafibromin remained unchanged (Fig.
6C,D). None of the proteins showed HMW bands as ob-
served with APC, with the exception of B-catenin (Fig.
6C,E, brackets) whose ubiquitylation, as already men-
tioned, did not appear to change in Trabid-depleted cells
(Fig. 6C,E).

The observed reductions of nuclear B-catenin and TCF
levels in Trabid-depleted cells might explain why the
TCF-mediated transcription is reduced under these con-
ditions. However, this is not the case: Overexpression of
activated B-catenin or TCF factors does not restore nor-
mal levels of TOPFLASH activity in Trabid-depleted
cells (Supplemental Fig. S6; data not shown), nor does
overexpression of BCL9 (whose Wnt-induced expression
is blocked after Trabid depletion) (Fig. 4D).

Finally, we examined whether Trabid depletion affects
the interaction between TCF and B-catenin by using co-
immunoprecipitation of endogenous nuclear proteins.
There was no detectable change in the levels of TCF4-
associated B-catenin (Fig. 6E, lanes 7-12), suggesting that
Trabid is neither essential for recruitment of B-catenin
to TCF4 nor does it affect the steady-state level of TCF-
associated B-catenin. However, our analysis would not
allow us to detect changes in the dynamics of complex
formation or dissociation (see Discussion).

Drosophila Trabid is a positive regulator
of the Wingless response

To test the function of the single Trabid ortholog of Dro-
sophila in its Wingless response, we deleted the trbd
locus (CG9448) by homologous recombination. To our

sev-wg/trbd

sev-wg/+ sev-wg/+;

dTCF/+

GMR-Gal4 UAS-arm/+;

++

GMR-Gal4 UAS-arm/+;

trbd/+
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surprise, trbd-null mutants were viable and fertile, sug-
gesting that trbd may be redundant with another gene.
We thus tested trbd function in a more sensitive assay
by asking whether lowering the dose of Trabid by half (in
trbd heterozygotes) would affect the rough eye pheno-
type due to ectopic Wingless in the eye imaginal disc
(Fig. 7A,B; Brunner et al. 1997). Indeed, trbd heterozy-
gosity suppressed this phenotype (Fig. 7C, cf. B), simi-
larly to dTCF heterozygosity (Fig. 7D). trbd heterozygos-
ity also suppressed the rough eye phenotype due to over-
expressed Armadillo (the B-catenin of Drosophila) to
some extent (Fig. 7F, cf. E). In contrast, we observed no
genetic interactions between trbd and components of
EGF receptor signaling, a pathway that controls differen-
tiation in the developing fly eye (Freeman 1997): The
rough eye phenotype due to activation or inhibition of
this pathway remained unchanged in trbd heterozygotes
(Fig. 7G,H; data not shown). Similarly, there was no in-
teraction between trbd and the Notch pathway, whose
stimulation also causes rough eyes (Fig. 71]J). These re-
sults suggest that dTrbd is required for an efficient Wing-
less response, but not for other signaling responses in the
eye, consistent with our results in human cell lines.

Discussion

To date, the only known function of ubiquitylation in
the Wnt pathway relates to protein turnover—especially
that of its key effector B-catenin—typically conferred by
K48-linked ubiquitin chains. Our discovery of Trabid, a
DUB enzyme that exhibits a remarkable preference for
K63-linked ubiquitin, and its functional link to APC and

GMR-argos/+ GMR-Gal4/UAS-DI;

++

T i
GMR-argosfrbd GMR-Gal4/UAS-DI;
trbd/+

Figure 7. Function of dTrbd in the Wingless response of Drosophila. Eyes from control y w flies (A), or from flies after expression, in
the larval eye disc of Wingless (B-D), Armadillo (E,F), Argos inhibitor of EGF receptor (G,H), or Delta agonist of Notch receptor (I,]).
(A,B,E,G,I) +/+. (C,F,H,]) trbd/+. (D) dTCF?/+. trbd heterozygosity suppresses the rough eye phenotype due to ectopic Wingless or
Armadillo (C,F), but not that due to ectopic Argos (H), Rhomboid (not shown), or Delta (]).
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the Wnt response of mammalian and Drosophila cells
implies a distinct role of ubiquitylation in this pathway,
namely, one mediated by K63-linked ubiquitin chains.
These chains are likely to affect the activity rather than
the stability of proteins, and we discuss below how Tra-
bid may affect the transcriptional response to Wnt sig-
naling by antagonizing the ubiquitylation of APC.

The preference of Trabid for K63-linked ubiquitin

We showed that Trabid is a bona fide DUB and that it
cleaves preferentially K63-linked ubiquitin. This activ-
ity resides in its OTU domain, which possesses intrinsic
DUB activity, as has been shown previously for other
members of the OTU family (Evans et al. 2001, 2003;
Balakirev et al. 2003; Wang et al. 2004; Wertz et al. 2004).

Trabid exhibits an unprecedented selectivity for bind-
ing to K63- versus K48-linked ubiquitin chains (Fig. 3),
which is conferred by a minimal module of at least two
linked NZF motifs. In contrast, an individual NZF mo-
tif—e.g., that of TAB3—binds indiscriminately to K48-
and K63-linked ubiquitin chains (Kanayama et al. 2004),
consistent with structural analysis that revealed the
commonly used surface of ubiquitin for NZF binding
(Alam et al. 2004). Notably, the three specificity-confer-
ring NZF motifs of Trabid are not only a defining feature
of Trabid orthologs, but also a fairly unique one: Al-
though NZF domains with ubiquitin-binding signatures
are found in a number of proteins, arrays of such NZF
fingers are rare. It is conceivable that tandem NZF arrays
confer specificity for K63-linked ubiquitin by topological
restriction: K48-linked chains are known to form rela-
tively compact structures (Eddins et al. 2007), whereas
K63-linked chains are likely to be extended.

Our evidence suggests that the NZF motifs of Trabid
contribute to its function in TCF-mediated transcription
(Fig. 4E), although they are not required for its intrinsic
DUB activity in vitro (Fig. 2C). These motifs may have a
targeting function in vivo, similarly to the ubiquitin
binding by the TAB adaptors, which is thought to facili-
tate the recruitment of ubiquitylated substrates to the
TAB-associated TAKI kinase (Kanayama et al. 2004).

APC as an enzymatic target of Trabid

Our epistasis analysis indicated that Trabid acts below
the stabilization of B-catenin. Consistent with this, we
detected only minor effects of Trabid depletion on the
ubiquitylation of B-catenin (by K48-linked ubiquitin)
and on its steady-state levels (Figs. 5B, 6). These results
argue against a direct function of Trabid in proteasomal
degradation.

In contrast, we discovered that APC becomes hyper-
ubiquitylated in Trabid-depleted cells (Fig. 6A,B), indi-
cating that APC is not only a binding partner of Trabid,
but also a substrate of its DUB activity. Thus, at least
one function of Trabid is to antagonize the ubiquityla-
tion of APC. This is likely to involve K63-linked ubig-
uitin chains, given Trabid’s preference for cleaving these
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chains (Fig. 2B). Also, the hyperubiquitylation of APC in
Trabid-depleted cells, despite being more pronounced af-
ter MG132 treatment, neither seems to promote the deg-
radation of APC itself (Fig. 6A,B), nor that of its key
target, B-catenin (Figs. 5B, 6). It thus appears that the
deubiquitylation of APC by Trabid has a regulatory out-
put (rather than antagonizing the proteasomal turnover
of APC mediated by Axin in the absence of Wnt stimu-
lation; Choi et al. 2004). For example, it might regulate
the activity of APC in transcription (see below). Further
work will be required to clarify the molecular nature of
these APC ubiquitylations, and their effects on APC’s
stability and/or activity.

The function of Trabid in TCF-mediated transcription

Our results from the epistasis analysis and LEF1 chime-
ras suggest a role of Trabid in TCF-mediated transcrip-
tion. Consistent with this, preliminary results from
chromatin immunoprecipitation experiments indicate
that Trabid is associated with the c-myc promoter and
upstream sequences (H. Tran, unpubl.). Trabid’s prime
physiologically relevant substrate could be APC itself,
which is recruited (together with B-TrCP) to TCF target
genes to repress their transcription during sustained Wnt
signaling (Sierra et al. 2006). If so, this would imply that
Trabid inactivates APC; hyperubiquitylation of APC in
Trabid-depleted cells would result in its hyperactiva-
tion, possibly leading to hyperrepression (or precocious
repression) of Wnt target genes, which would explain
why the Wnt response is attenuated in these cells. Al-
ternatively, the prime functional target of Trabid might
be an unknown nuclear protein, a negative regulator like
APC whose deubiquitylation results in its inactivation
or a positive regulator of Wnt-induced transcription that
becomes activated as a result of Trabid’s DUB action; in
the latter case, hyperubiquitylation would be expected to
result in inactivation.

How does Trabid affect the TCF-mediated transcrip-
tion? We were unable to detect a change in the steady-
state association between B-catenin and TCF in Trabid-
depleted cells (Fig. 6E). Nevertheless, our results from
the LEF chimeras suggest that Trabid may affect the dy-
namic association or dissociation of the TCF-3-catenin
complex: These chimeras might bypass the requirement
for Trabid because of their direct linkage to TADs, which
allows them to recruit (or retain) coactivators effi-
ciently—possibly more efficiently than normal TCF fac-
tors whose transcriptional activity during Wnt signaling
relies on transient, and perhaps labile, association with
limited amounts of nuclear B-catenin. It is therefore con-
ceivable that Trabid increases, for example, the rate of
TCF-B-catenin complex formation or the lifetime of its
activity.

Ubiquitylation is beginning to emerge as a versatile
controlling factor in transcriptional switches, including
regulatory ubiquitylation events such as monoubiqui-
tylation of histones (Muratani and Tansey 2003). To our
knowledge, there are as yet no known regulatory tran-
scription events that rely on K63-linked ubiquitin, al-



though DNA repair can be regulated by K63-linked ubiq-
uitylation (of PCNA) (Hoege et al. 2002). The turnover of
regulatory ubiquitylations via DUBs may be as impor-
tant as the ubiquitylations themselves, one example be-
ing the negative regulation of H2B monoubiquitylation
by Ubp8, a DUB associated with the yeast histone acety-
lation SAGA complex (Henry et al. 2003). Interestingly,
in vitro transcription from a B-catenin-dependent chro-
matin template was attenuated by a DUB inhibitor (Si-
erra et al. 2006).

A role of Trabid in cancer and stem cell
compartments?

Given its requirement for efficient TCF-mediated tran-
scription in colorectal cancer cell lines, Trabid has po-
tential as a molecular target for inhibitory drugs in co-
lorectal cancer. Obviously, more work is required to vali-
date this target, but Trabid appears attractive because of
(1) its apparent specificity for Wnt responses, (2) its en-
zymatic activity as a protease, and (3) its catalytic pocket
that is likely to be unique among OTU domain proteases
(Fig. 2A; Nanao et al. 2004; Komander and Barford 2008).

Wnt signaling has a key role in maintaining intestinal
stem cell compartment (Reya and Clevers 2005). Fur-
thermore, a recent compilation of gene expression data
sets has identified relatively few genes (<40) commonly
up-regulated in a variety of stem cell types (including
skin bulge, hematopoietic, embryonic, and neural stem
cells), which include TCF3 and TCF4 as well as Trabid
(Blanpain et al. 2004). Notably, TCF3 plays a role in
maintaining skin stem cells in an undifferentiated state
(Nguyen et al. 2006), and TCF4 is required for maintain-
ing crypts in the intestinal epithelium (Korinek et al.
1998). Given the high Trabid levels in these stem cell
compartments and Trabid’s role in TCF-mediated tran-
scription, it is conceivable that Trabid may have a func-
tion in stem cell self-renewal or differentiation.

Materials and methods

Plasmids and antibodies

pHM6-HA-Trabid and pHM6-HA-Cezanne have been described
(Evans et al. 2001, 2003); point mutants were created using
QuickChange (Stratagene) and confirmed by DNA sequencing.
For GST-Trabid constructs, PCR-amplified Trabid cDNA frag-
ments were cloned between EcoRI and Xhol of the bacterial
expression vector pGEX-6P-1. APC and E-APC plasmids were
generated previously (Hamada and Bienz 2002; Rosin-Arbesfeld
et al. 2003), except for APC(1-1447) (kindly provided by J.
Worm). LEF1 chimeras have been described (Hsu et al. 1998;
Ishitani et al. 2005).

The following antibodies were used: a-TCF4, o-TCF3/4, a-
ubiquitin (Upstate Biotechnology); «-B-catenin, «-Flag M2
(Sigma); «-Parafibromin (Bethyl Laboratories); «-HA 3F10
(Roche); a-LEF1, o-TLE, a-APC Ali-1228 (Santa Cruz Biotech-
nology); a-a-tubulin (Abcam). Polyclonal rat antibodies were
generated (by Eurogentec) to an N-terminal fragment of Trabid
(amino acids 1-354) fused to GST and purified from bacteria.
The crude rat a-Trabid serum was used at 1:100 dilution (Fig.
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4A; Supplemental Fig. S5A) or after affinity purification against
Trabid antigen (1:500 for Western blotting; 1:100 for immuno-
fluorescence) (Fig. 6A,B; Supplemental Fig. S5B,C).

Cells, transfections, and treatments

HEK293, HEK293T, SW480, and HCT-116 cells were main-
tained in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum. siRNA (Dharmacon) duplexes
used to target Trabid and Cezanne mRNAs are as follows (only
sense strand is shown): Trabid #1, AGAGGCUUCUUCAAUAA
UAdTdT; Trabid #2, AGAGGUGUCUCAACAAGCAATAT;
Cezanne #1, GAAUCUAUCUGCCUUUGGAJdTAT; Cezanne
#2, AGACUUCCGCAGCUUCAUAJATAT. The negative con-
trol siRNA was from Ambion (no. AM4611). Transfection of
siRNA duplexes and plasmid DNA was performed using Lipo-
fectamine 2000 (Invitrogen).

TOPFLASH and NF-kB reporter assays

Cells were seeded in 12-well plates at a density of 0.8 x 10° cells
per milliliter and allowed to attach to the dish surface for 12-16
h before transfection. For RNAi experiments, cells were first
transfected with siRNAs (100 nM final concentration) and, after
24 h, retransfected with siRNAs and 250 ng of pTOPFLASH or
pFOPFLASH, 20 ng of pRL-CMV (Renilla luciferase internal
control), and 1.0 pg of the effector plasmid DNA, unless speci-
fied otherwise. For NF-«kB assays, cells were transfected with a
luciferase reporter containing 4x NF-kB-binding sites (Clontech)
and, where indicated, pEAK12-HA-TNFRII and pEAK12-Ik-
BaAN. Total amounts of DNA per transfection were equalized
with empty vector. After a further 24 h, cells were harvested and
lysed in passive lysis buffer (Dual Luciferase Reporter Assay
System; Promega). Protein concentration was determined with
a Coomassie-based reagent (Pierce); 10 ng of total protein were
used per sample (for TOPFLASH assays or Western blotting). For
transcription assays, relative luciferase activities were deter-
mined (TOPFLASH divided by Renilla control values), and the
resulting value from control-transfected cells was set arbitrarily
to 1.

Immunoprecipitations and GST pull-down assays

Adherent cells were washed twice with PBS and incubated in
NP40 lysis buffer (50 mM Tris-HCI at pH 7.4, 120 mM NaCl,
1% NP-40, 1 mM EDTA, 5 mM Na,VO,, 5 mM NaF, 0.5 pg/mL
aprotinin, 1 pg/mL leupeptin) for 10 min on ice. Cells were
collected by scraping and were centrifuged at 14,000 rpm for 10
min (4°C). Immunoprecipitations were performed using 500
700 ng of cell extracts precleared with a 50% solution of protein
G-Sepharose beads (100 uL; Zymed), before incubation with 4 ug
of the indicated antibody for 2 h at 4°C. Antibody-antigen com-
plexes were captured with 100 puL of 50% protein G beads for 1
h at 4°C.

GST pull-down assays were performed with 1 ng of bacterially
expressed GST or GST-tagged fragments of Trabid incubated in
a 50% solution of glutathione-Sepharose 4B beads (50 pL; Am-
ersham) with or without K48- or K63-linked ubiquitin chains
(Ub,_,; Affiniti) for 1 h at 4°C in NP40 lysis buffer (see above).
Alternatively, 20 pL of protein G-Sepharose beads bound with
immunoprecipitated HA-Trabid protein was used (Fig. 3B;
Supplemental Fig. S4A). Precipitated proteins were resolved by
SDS-PAGE and analyzed by Western blotting. Nuclear and cy-
toplasmic fractions were prepared as described (Caruccio and
Banerjee 1999).
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DUB assays

Assays were performed as described (Wang et al. 2004), with
modifications. GST-tagged fragments of Trabid were expressed
in Escherichia coli BL21(DE3) and purified with glutathione-
Sepharose beads (Amersham) according to the supplier’s in-
structions. Purified protein (0.5 pg) was incubated with 0.5 ng of
synthetic ubiquitin chains, as above, in 20 pL of buffer (150 mM
KCl, 50 mM HEPES at pH 7.4, 10 mM DTT, 5% glycerol, 0.01%
Triton X-100) for 60 min at 37°C. Alternatively, HA-Trabid was
used after immunoprecipitation from transfected 293T cells (20
uL of protein G-Sepharose beads; see above). Reactions were
terminated with 2x SDS-PAGE sample buffer, resolved by SDS-
PAGE, and analyzed by Western blotting. Ubiquitin aldehyde
was purchased from Calbiochem.

Real-time quantitative RT-PCR

293 cells were grown in 12-well plates, transfected with siRNAs
and, after 24 h, incubated with Wnt3A-conditioned (from mouse
L cells stably expressing Wnt3A) or control medium for a fur-
ther 6 h. Cells were harvested in ice-cold PBS and used directly
for cDNA synthesis with the SuperScript III kit as instructed
(Invitrogen). Duplicate cDNA samples were amplified with the
TagMan Universal PCR Master Mix and gene-specific TagMan
TAMRA probes in an ABI Prism 7900HT real-time PCR ma-
chine (Applied Biosystems). Standard curves were based on the
housekeeping gene HPRT whose expression was not affected by
Wnt3A treatment. Results are expressed as fractions of HPRT
values.

Drosophila genetics

A deletion of the trbd locus (CG9448) was generated by homolo-
gous recombination. Briefly, the BAC clone RP98-30F1
(BACPAC Resources Center, Children’s Hospital Oakland Re-
search Institute, Oakland, CA) spanning the trbd locus and its
flanking regions was used as template for PCR reactions. Prim-
ers 5'-ACTGGTACCGTCGAAGTTGGTTGAAGATACG-3’
and 5-AATGCGGCCGCACAGGGCAATATTTCGTTGC-3’
were used to add Acc651 and Notl restriction sites to a 3.5-kb
DNA fragment immediately upstream of the target locus. This
fragment was then amplified by PCR and subcloned into the
same restriction sites of an ends-out homologous recombina-
tion vector pW25 (Gong and Golic 2004). Similarly, a 3.5-kb
DNA fragment immediately downstream from the target locus
was subcloned into the same vector, after adding Ascl and BsiWI
restriction sites with the primers 5'-ATTGGCGCGCCGACG
TATGTATATCATATCCG-3’ and 5'-ACTCGTACGTGCTGT
GCTACCTGACGCAC-3', respectively. Transgenic flies of the
resulting targeting construct were generated by standard germ-
line transformation, and crosses for targeting were carried out as
described (Rong and Golic 2001; Gong and Golic 2003); trans-
location of white* to the target chromosome was confirmed.
Targeted deletion of trbd was confirmed by PCR.

trbd/TM3 or y w control flies were crossed to sev-wg (Brunner
et al. 1997), GMR.Argos (Casci et al. 1999), GMR.GAL4 > UAS.
Armadillo, or GMR.GAL4 > UAS.Delta (Freeman and Bienz
2001) and grown at 25°C. Eyes of the resulting heterozygous
progeny were scored as described (Freeman and Bienz 2001).
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