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Aberrant activation of the Wnt signaling pathway plays an important role in human cancer development. Wnt
signaling is negatively regulated by Axin, a scaffolding protein that controls a rate-limiting step in the destruction of
β-catenin, the central activator of theWnt pathway. In Wnt-stimulated cells, Axin is rapidly modified by tankyrase-
mediated poly(ADP-ribosyl)ation, which promotes the proteolysis of Axin and consequent stabilization of β-catenin.
Thus, regulation of the levels and activity of tankyrases is mechanistically important in controlling Wnt signaling.
Here, we identify ubiquitin-specific protease 25 (USP25) as a positive regulator ofWnt/β-catenin signaling.We found
that USP25 directly interacted with tankyrases to promote their deubiquitination and stabilization. We demon-
strated that USP25 deficiency could promote the degradation of tankyrases and consequent stabilization of Axin to
antagonize Wnt signaling. We further characterized the interaction between TNKS1 and USP25 by X-ray crystal
structure determination. Our results provide important new insights into the molecular mechanism that regulates
the turnover of tankyrases and the possibility of targeting the stability of tankyrases by antagonizing their inter-
action with USP25 to modulate the Wnt/β-catenin pathway.
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The Wnt/β-catenin pathway plays a crucial role in devel-
opment by regulating many cellular processes, including
proliferation, cell fate determination, adhesion, polarity,
and migration. Hyperactivation of the Wnt/β-catenin
pathway as a result of mutations inWnt or β-catenin itself
or truncating mutations in the tumor suppressor APC
drives the development of human colon, gastric, and hepa-
tocellular cancers (Polakis 2000; Klaus and Birchmeier
2008). Thus, developing inhibitors of the Wnt/β-catenin
pathway as a novel anti-cancer therapy has been of great
interest in the cancer field (de Sousa et al. 2011; Verkaar
and Zaman 2011). One potential target for controlling
Wnt/β-catenin signaling is Axin (also known as Axin1), a
scaffolding protein and an important tumor suppressor
that can negatively regulate the Wnt/β-catenin pathway
by controlling the rate-limiting step mediated by the β-
catenin destruction complex (Luo and Lin 2004; Fearon
2009; MacDonald et al. 2009).

Tankyrase 1 (TNKS1) and TNKS2, members of the
PARP family, catalyze the covalent poly-ADP-ribosyla-
tion (PARsylation) of target proteins by transferring the
ADP-ribose unit from β-nicotinamide adenine dinucleo-

tide (β-NAD+) to substrates (Smith et al. 1998). Tankyrase
was originally discovered as a regulator of telomere main-
tenance in mediating PARsylation of telomeric repeat-
binding factor 1 (TRF1) to control its binding to telomeric
DNA (Smith et al. 1998; Riffell et al. 2012). In the Wnt/β-
catenin pathway, tankyrase PARsylates Axin, which in
turn promotes its ubiquitination by the ubiquitin E3 li-
gase RNF146 and the subsequent proteasomal degrada-
tion (Huang et al. 2009; Callow et al. 2011; Zhang et al.
2011). Since the stabilization of Axin can lead to a con-
comitant reduction in β-catenin protein levels, which
blocks its transcriptional activity in vitro and in vivo, in-
hibition of tankyrases has been proposed as an exciting
new cancer therapeutic approach to block Wnt signaling
(Huang et al. 2009; Waaler et al. 2011, 2012). However,
catalytic inhibition of tankyrases might not be sufficient,
as polymers of tankyrases were discovered to act as scaf-
folds to promote Wnt signaling independently of their
PARP activity (Mariotti et al. 2016). Thus, inhibiting the
catalytic activity of tankyrases per semay not be adequate
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for suppressing Wnt activity in cells with high levels of
tankyrases.
Deubiquitination is an important cellular mechanism

that regulates protein stability (Reyes-Turcu et al. 2009).
In this study, we show that ubiquitin-specific protease
25 (USP25), a deubiquitinating enzyme (DUB), positively
regulates Wnt signaling by mediating the deubiquitina-
tion of tankyrases. Deubiquitination of tankyrases by
USP25 promotes their stabilization and activation of
Wnt signaling. Conversely, USP25 deficiency promotes
the degradation of tankyrases and consequently leads to
the stabilization of Axin to negatively regulateWnt/β-cat-
enin signaling. We found that the C terminus of USP25
directly interacted with the ankyrin repeats of TNKS1.
We further characterized the interaction between
TNKS1 and USP25 by X-ray crystal structure determina-
tion. Our work provides an important new insight into
the molecular mechanism that regulates the turnover of
tankyrases and the possibility of targeting the stability
of tankyrases to modulate the Wnt/β-catenin pathway.

Results

Identification of tankyrases as preferential
USP25-binding proteins

We analyzed the binding proteins of USP25 by mass spec-
trometry and identified both tankyrases, TNKS1 and
TNKS2, as the top hits (Fig. 1A; Supplemental Fig. S1A).
The interaction between USP25 and TNKS1/2 is con-
firmed by coimmunoprecipitation assay (Fig. 1B; Supple-
mental Fig. S1B). Moreover, we observed that Flag-USP25
interacted efficientlywith endogenousTNKS1/2 (Fig. 1C).
The interaction of USP25 with TNKS1 is critically de-

pendent on the C-terminal part of USP25, as the expres-
sion of the C-terminal 335 amino acid residues was
sufficient to support its binding with TNKS1, while the
truncation of its C-terminal 337 amino acid residues total-
ly disrupted the interaction between USP25 and TNKS1
(Fig. 1D,E). The N-terminal part of TNKS1, consisting of
five ankyrin repeat clusters (ARCs), was necessary and
sufficient for the interaction with USP25, whereas the re-
moval of the SAM and PARP domains from its C-terminal
part had no effect on its interaction with USP25 (Fig. 1F).
We expressed and purified the recombinant C-terminal
part of GST-USP25-C (residues 720–1055) and the ankyrin
repeat domain of Trx-TNKS1-ANK (residues 178–957).
Coincubation of GST-USP25-C and Trx-TNKS1-ANK
led to the formation of a larger-molecular-weight complex
when analyzed by analytic size exclusion chromatogra-
phy, suggesting the direct interaction between the C-ter-
minal part of USP25 and the ankyrin repeat domain of
TNKS1 (Fig. 1G).

USP25 deubiquitinates and stabilizes tankyrases

Overexpression of USP25 significantly increased the pro-
tein levels of both exogenous and endogenous tankyrases
(Fig. 1B,C). Furthermore, we found that ectopic expression
of USP25 was able to increase the protein levels of both

TNKS1 and TNKS2 in a dose-dependent manner (Fig.
2A; Supplemental Fig. S2A). To investigate the effect of
USP25 on the stability of TNKS1/2 protein, we treated
control cells or cells expressing USP25 with the protein
synthesis inhibitor cycloheximide (CHX) and measured
the levels of TNKS1/2 proteins. We found that TNKS1/2
had a very short half-life (t1/2) normally, as the levels could
be significantly reduced upon treatmentwithCHX for 3 h;
on the other hand, the levels of TNKS1/2 were minimally
affected in cells overexpressing USP25 even after pro-
longed treatment of CHX (Fig. 2B).
To further characterize the role of USP25 in regulating

the levels of tankyrases, we generated a loss-of-function
allele of USP25 in HEK293T cells using CRISPR–Cas9
technology (Supplemental Fig. S2B). We found that the
loss of USP25 led to significant reductions in the protein
levels of TNKS1/2 (Fig. 2C). Consistently, the half-life of
TNKS1/2 was correspondingly shortened in HEK293T
cells with the loss of USP25 (Fig. 2D). Using siRNAs, we
further demonstrated that depletion of USP25 decreased
the abundance of TNKS1/2 in both DLD-1 and SW480
cells (Fig. 2E). Consistently, USP25 deficiency in DLD-1
cells generated by CRISPR/Cas9-mediated knockout also
significantly shortened the half-lives of TNKS1/2 (Fig. 2F).
Taken together, these results suggest that USP25 pro-
motes the stability of tankyrases.
Since USP25 is a deubiquitylase, we went on to exam-

ine whether its catalytic activity is required to modulate
the levels of tankyrases. Indeed, a catalytically inactive
C178S USP25 mutant, which could interact with
TNKS1/2 normally (Supplemental Fig. S2C), had lost its
ability to up-regulate TNKS1/2, compared with wild-type
USP25 (Fig. 2G). Thus, the DUB activity of USP25 is crit-
ically important for regulating the levels of tankyrases.
Wenext examinedwhetherUSP25 regulated the ubiqui-

tination levels of tankyrases in cells. RNF146 has been re-
ported to be an E3 ubiquitin ligase for tankyrases (Callow
et al. 2011; Zhang et al. 2011; DaRosa et al. 2015). The
expression of RNF146 induced the ubiquitination of
TNKS1/2, which was significantly diminished by coex-
pression of USP25 (Fig. 2H; Supplemental Fig. S2D). On
the other hand, the DUB-inactive C178S USP25 mutant
lost the ability to reduce the ubiquitination of TNKS1/2
induced by RNF146 (Fig. 2H). Conversely, the ubiquitina-
tion levels of TNKS1/2 were increased in Usp25−/− cells
(Supplemental Fig. S2E). Thus,USP25negatively regulates
the ubiquitination levels of tankyrases in cells.

USP25 binds to the ankyrin repeat region
of tankyrases

The C terminus of USP25, essential for interacting with
tankyrases, contains a stretch of sequence (RTPADG)
that is highly evolutionarily conserved among USP25
orthologs in difference species (Fig. 3A) and similar to
the RXXXDG tankyrase-binding motif (Guettler et al.
2011). Since the N-terminal part of TNKS1, consisting
of five ARCs, was necessary and sufficient for the interac-
tion with USP25, we focused our analysis on the possible
interaction of ARCs with the C terminus of USP25. We
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found that recombinant Trx-TNKS1-ANK (residues 178–
957) purified from Escherichia coli bound to the peptide
of the last seven amino acid residues from USP25 with
an affinity of ∼6.5 µM (Fig. 3B). Using analytical gel filtra-
tion chromatography assays, we mapped out that all four
ankyrin repeat-containing fragments (ARC1, ARC2–3,
ARC4, and ARC5 from TNKS1) could interact with this
seven-amino-acid peptide from USP25 (Supplemental
Fig. S3A). Further quantitative analyses using isothermal
titration calorimetry (ITC) revealed that the last ARC
(residues 799–957) showed stronger binding (Kd = 7.1 ±

0.5 µM) than other ARCs (Kd = 57.9 µM± 11.8 µM for
ARC1, Kd = 32.5 µM± 4.4 µM for ARC2–3, and Kd = 9.3
µM± 0.4 µM for ARC4) (Fig. 3B; Supplemental Fig. S3B,
C). Moreover, the binding affinity of a much longer frag-
ment of the USP25 C terminus (residues 720–1055)
showed an affinity (Kd = 7.9 ± 0.3 µM) similar to the last
seven-amino-acid peptide (Fig. 3B). Thus, this seven-ami-
no-acid peptide from the very C terminus of USP25 is the
primary epitope responsible for interacting with the
ankyrin repeat domain in tankyrases. On the other
hand, tankyrasesmay have up to four binding sites in their

Figure 1. Tankyrases bind preferentially to USP25. (A) A mass spectrometric analysis of proteins that bound with USP25. Flag-USP25
vector was transfected into HEK293T cells, and anti-Flag was used to immunoprecipitate USP25-binding proteins. Anti-Flag immuno-
complexes were analyzed by mass spectrometry. The total numbers of peptides identified for each protein are shown. (B) TNKS1 and
TNKS2 interact with USP25. HEK293T cells were transfected with plasmids encoding Flag-tagged USP25 together with vector or plas-
mids encoding HA-tagged TNKS1 or TNKS2. Immunoprecipitation was carried out using anti-Flag antibody and then analyzed by West-
ern blotting using the indicated antibodies. (C ) Interaction between transfected Flag-USP25 and endogenous TNKS1/2. Lysates from
HEK293T cells expressing Flag-USP25were subjected to immunoprecipitation/Western analysis using the indicated antibodies. (D) Sche-
matic representation of TNKS1 andUSP25. The putative tankyrase-bindingmotif in theC terminal part of USP25 (RTPADG) is indicated.
(E) The C terminus of USP25 is required for binding with tankyrases. Three deletion constructs of USP25 (Flag-tagged) were individually
transfected toHEK293T cells. Immunoprecipitationwas carried out using anti-Flag antibody and then analyzed byWestern blotting using
anti-TNKS1/2 or anti-Flag antibody. (F ) USP25 binds to ankyrin repeat region of TNKS1. Immunoassay of HEK293T cells transfectedwith
Flag-USP25 and full-length TNKS1 (FL) and three deletion constructs of TNKS1 (HA-tagged) followed by immunoprecipitation with anti-
Flag antibody and immunoblot analysis with anti-HA or anti-Flag antibody. (G) Analytical gel filtration chromatography analysis of the
interaction between purified USP25(720–1055) and TNKS1(178–957) protein.
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ankyrin repeat domains for binding to this seven-amino-
acid peptide in USP25.

Structural characterization of USP25 and TNKS1
interaction

To characterize the interaction between USP25 and
TNKS1, we determined the crystal structure of TNKS1
ARC5 (residues 799–957) in complex with the USP25
peptide containing its last 10 amino acids (residues
1046–1055) at 1.5 Å resolution (Fig. 3C,D; Supplemental
Table 1). The ARC5 contains five ankyrin repeats that
stack side by side into a “C” shape through their α helices
packing. The USP25 peptide adopts an extended confor-

mation and binds to the central concave side of ARC5
(Fig. 3C,D). The positively charged side chain of R1049
in the RXXXDGmotif of USP25 is recognized by a highly
negatively charged pocket (“arginine cradle”), where four
residues from ARC5 contribute extensive interactions:
The side chains of E909 and D900 form two salt bridges
with the side chain of R1049, whereas F904 establishes a
cation–π interaction with the guanidinium group of
R1049, and the aromatic ring of W902 packs against the
aliphatic side chain of R1049 (Fig. 3C). Interestingly,
G1054 is sandwiched by the aromatic side chains of
Y880 and Y847 residues in ARC5 through stacking be-
tween the backbone of G1054 and the two aromatic rings
of Y880 and Y847 (Fig. 3C). These interactions restrict the

Figure 2. USP25 stabilizes and deubiquitinates tankyrases. (A) USP25 stabilizes both TNKS1 and TNKS2. HA-TNKS1 or HA-TNKS2
was transfected into HEK293T cells with increasing amounts of Flag-USP25, and TNKS1/2 levels were detected. GFP was transfected
as a control. (B) USP25 increases the half-life (t1/2) of tankyrases. HEK293T cells transfected with the indicated plasmids were treated
with 100 µg/mL CHX and collected at the indicated times for Western blotting. Quantification of tankyrases levels relative to Tubulin
is shown. (C ) Knockout of USP25 decreases tankyrases. The levels of tankyrases were analyzed in two independent clones of
HEK293T cells withUSP25 knockout. (D) Half-life analysis of tankyrases inUsp25+/+ andUsp25−/−HEK293T cells. (E) The levels of tank-
yrases were analyzed in DLD-1 cells and SW480 cells transfected with individual USP25 siRNA. (F ) Half-life analysis of tankyrases in
DLD-1 cells transduced with Cas9 and single-guide RNAs against USP25. (G) USP25 stabilizes tankyrases in a manner that is dependent
on its DUB activity. Expression vectors for USP25 wild type or C178S were transfected into HEK293T cells, and the expression of
tankyrases was detected. (H) USP25 deubiquitinates tankyrases. HEK293T cells transfected with the indicated constructs were treated
with 10 µM MG132 for 6 h before collection. The whole-cell lysate was subjected to pull-down with Ni2+ beads and Western blotting
with anti-TNKS1/2 antibody to detect ubiquitylated tankyrases.
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Figure 3. Biochemical and structural characterizations of the interaction mechanism between TNKS1 and USP25. (A) The highly con-
served C termini of USP25 orthologs from different species. (B) ITC assaymeasuring the binding affinities between the last seven residues
(residues 1049–1055) or the C terminus (residues 720–1055) of USP25 and the ankyrin repeat region (residues 178–957) or ARC5 of TNKS1
(residues 799–957) and showing that the last seven residues of USP25 are sufficient for its binding to TNKS1. (C ) Crystal structure of the
complex formed by TNKS1ARC5 (residues 799–957) and the last 10 residues of USP25 (residues 1046–1055). The details of interaction are
zoomed out in the right panel. The hydrogen bonds and salt bridges are shown as dashed lines. In the crystal structure, two water mole-
cules (shown as magenta balls) are found to intermediate the interaction between USP25 and ARC5. (D) The electrostatic surface shows
the “aromatic glycine sandwich” and the charged pockets of TNKS1ARC5,which accommodate two charged residues (R1049 andD1053)
of USP25. The positively or negatively charged surface is colored in blue or red, while neutral is colored in white. (E) Structural-based se-
quence alignment of five ARCs in TNKS1. The secondary structure of ARC5 is drawn as a cartoon below the alignment. The critical res-
idues in ARC5 interacting with R1049 of USP25 are marked with red triangles, two tyrosine residues (Y847 and Y880) that sandwich
G1054 of USP25 are marked with blue triangles, and the residues involved in the recognition of other residues of USP25 are marked
with black triangles. Red rectanglesmark the positionswhere ARC3 and other four ARCs show striking differences, indicating the inabil-
ity of ARC3 to recognize USP25.
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two α hydrogens of G1054, pointing to the bottom of the
sandwich, where no space is present to accommodate
the side chain of nonglycine residues. Consistently, the
substitution of G1054 with alanine that has the smallest
side chain (G1054Amutation) completely disrupts the in-
teraction between USP25 and TNKS1/2 (Fig. 4A). The
conformation of central residues between R1049 and
G1054 is stabilized by an extensive network of polar inter-
actions (Fig. 3C). Particularly, the backbone carbonyl
groups of T1050 and P1051 as well as the side chain hy-

droxyl group of T1050 form salt bridges with the side
chain of TNKS1 R836, which is further coordinated by a
salt bridge with D867 in ARC5. In addition, the backbone
carbonyl groups of A1052 and D1053 form two hydrogen
bonds with the side chains of Y880 and N876, respective-
ly, and the side chain of D1053 forms a hydrogen bond
with the side chain hydroxyl group of S838. Meanwhile,
the backbone carboxyl group of the extreme C-terminal
R1055 residue of USP25 also forms a hydrogen bond
with the side chain of H882. In the crystal structure,

Figure 4. The interaction of USP25 and tankyrases is required for tankyrase stabilization. (A) Mutational analysis of the USP25–tank-
yrase interaction. The mutations include USP25 S1048A, R1049A, T1050A, D1053A, and G1054A. HEK293T cells were transfected
with Flag-tagged wild-type USP25 or mutants as indicated. Lysates were then immunoprecipitated using anti-Flag antibody and immu-
noblotted using the indicated antibodies. (B) Subcellular localization of USP25 and TNKS1 examined by immunofluorescence. mCherry-
USP25 (wild type andmutants) and GFP-TNKS1 were transiently expressed in DLD-1 cells. The cells were then used for immunofluores-
cence assays. DNAwas visualized with DAPI staining. Representative staining is shown. (C ) The effect of USP25–tankyrase interaction
on tankyrases protein stability. HEK293T cells were transfected with Flag-tagged wild-type or mutant USP25. The protein levels of tank-
yrases were determined. (D) USP25–tankyrase interaction antagonizes the RNF146-mediated instability of tankyrases. HEK293T cells
were cotransfected withMyc-tagged RNF146 andmCherry-tagged wild-type or mutant USP25. The protein levels of tankyrases were de-
termined. (E) The effect of USP25–tankyrase interaction on ubiquitination of tankyrases. HEK293T cells cotransfected with either wild-
type or mutant Flag-USP25 and Myc-RNF146 in the presence of His-ubiquitin were treated with 10 µM MG132 for 6 h. The whole-cell
lysate was subjected to pull-down with Ni2+ beads andWestern blotting with anti-TNKS1/2 antibody to detect ubiquitylated tankyrases.
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two water molecules are found to further stabilize this
network of polar interaction: One water molecule inter-
mediates the hydrogen bonding between the side chain
of E909 and the backbone amide of A1052, while the other
water molecule bridges the polar interactions among the
side chains of N876, D867, and S838 and the backbone
amide group of D1053.

Further structural-based sequence alignment analysis
of five ARCs in TNKS1 revealed that all of those critical
interface residues are highly conserved in these ARCs ex-
cept ARC3 (Fig. 3E). For instance, the negatively charged
residue E909 in the “arginine cradle” of ARC5 is substitut-
ed by a positively charged arginine residue in ARC3, and
the crucial aromatic Y880 and Y847 residues in ARC5
are substituted by a leucine and an arginine residue in
ARC3, respectively. Furthermore, the residue correspond-
ing to ARC5 N876 that forms a hydrogen bond with the
backbone carbonyl group ofUSP25D1053 is a hydrophobic
valine residue in ARC3. The identification of noncon-
served critical interface residues in ARC3 of TNKS1 pro-
vides a potential explanation for the inability of ARC3 to
recognize the C terminus of USP25. Thus, we anticipated
that the aforementioned ARC2–3 of TNKS1 contained
only one USP25-binding site formed by ARC2. Collective-
ly, our structural and sequence analyses clearly demon-
strated that the ankyrin repeat region of TNKS1 had four
similar binding sites for the C terminus of USP25.

USP25–tankyrase interaction is required for stabilization
of tankyrases

To test our structural observations, wemutated a number
of key interacting residues for coimmunoprecipitation as-
say (Fig. 4A). We ectopically expressed wild-type and mu-
tant Flag-tagged USP25 in HEK293T cells and analyzed
the interaction by coimmunoprecipitation with an anti-
Flag antibody. We found that TNKS1/2 coprecipitated
with wild-type USP25 but not with the mutant USP25;
namely, R1049A, T1050A, D1053A, and G1054A (Fig.
4A). As a control, mutation S1048A of USP25 had no ef-
fect on the association of USP25 and TNKS1/2 (Supple-
mental Fig. S4A). These results are consistent with the
structural data, as R1049A, D1053A, and G1054A muta-
tions completely blocked the interaction of USP25 and
TNKS1/2, while the T1050A mutation significantly re-
duced the association of USP25 with TNKS1/2 (Fig. 4A).

We next investigated the role of the USP25–tankyrase
interaction in the cellular localizations of USP25 and
tankyrase in DLD-1 cells. When cotransfected, the exoge-
nously expressed mCherry-tagged wild-type USP25 or
C178S mutant (a catalytically inactive mutant) showed
a puncta staining pattern in the cytoplasm of transfected
cells and colocalized well with the GFP-tagged TNKS1
puncta (Fig. 4B; Supplemental Fig. S4B). In contrast, the
R1049A andG1054Amutants ofUSP25 showed a diffused
location in transfected cells, and their abilities to colocal-
ize with the GFP-TNKS1 puncta were impaired (Fig. 4B;
Supplemental Fig. S4B).

To investigate the functional consequence of USP25–
tankyrase interaction, we transfected expression vectors

for wild-type or mutant USP25 into DLD-1 cells and ex-
amined their impact on the levels of TNKS1/2. We found
that both R1049A and G1054A mutants were unable to
promote the stabilization of TNKS1/2, compared with
wild-type USP25 (Fig. 4C). Similar results were also ob-
served in SW480 cells and HCT116 cells (Supplemental
Fig. S4C,D). In addition, coexpression of wild-type, but
not R1049A and G1054A, USP25 was able to effectively
protect the degradation of TNKS1/2 induced by RNF146
(Fig. 4D).

We next performed in vivo ubiquitination assays, mon-
itoring ubiquitination of tankyrases in the presence of
either wild-type USP25 or these mutants. As shown
in Figure 4E, R1049A and G1054A mutants were not
able to mediate deubiquitination of TNKS1/2, compared
with wild-type USP25. Taken together, these results
suggest that the binding and deubiquitinating activities
of USP25 are critically important for its ability to protect
tankyrases from degradation.

USP25 modulates the Wnt/β-catenin pathway
through tankyrases

Tankyrases have been reported to regulate Wnt signaling
by PARsylating Axin to promote its degradation (Huang
et al. 2009). Since we found that USP25 could stabilize
tankyrases, we reasoned that USP25 might modulate the
Wnt pathway through up-regulating tankyrases to pro-
mote the degradation of Axin. To test this possibility,
we characterized the protein levels of Axin1 in USP25
knockout HEK293T cells generated via CRISPR–Cas9
technology. As shown in Figure 5A, Axin1 levels were in-
creased in USP25 knockout cells, suggesting that USP25
might regulate Wnt signaling.

To further characterize the effect of USP25 on Wnt
signaling, we determined the impact of USP25 expression
using a well-established Wnt responsive Super-Topflash
(STF) luciferase reporter assay in HEK293T cells. We
found that knockdown of USP25 significantly reduced
this Wnt-driven luciferase activity (Fig. 5B). Consistently,
knockdown of USP25 also blocked Wnt3a-induced
accumulation of β-catenin in HEK293T cells (Fig. 5C).
Moreover, the Wnt3a-stimulated STF activity and ac-
cumulation of β-catenin were strongly inhibited in
Usp25−/−HEK293T cells as comparedwithUsp25+/+ cells
(Fig. 5D,E). However, knockout of USP25 did not affect
NF-κB luciferase reporter as reported previously (Supple-
mental Fig. S5A; Zhong et al. 2012). Finally, USP25
knockout also inhibited the expression of the β-catenin
target gene AXIN2 (Fig. 5F).

It has been reported recently that tankyrase-mediated
PARsylation of Axin not only controls its level but also al-
lows PARsylated Axin to directly promote Wnt signaling
(Yang et al. 2016). In order to detectwhetherUSP25 affects
the levels of PARsylated Axin1 in Wnt stimulation, we
used a previously developed pull-down assay based on
the ability of the Trp–Trp–Glu (WWE) domain of the
RING-type E3 ubiquitin ligase RNF146 to bind to PARsy-
lated proteins (Supplemental Fig. S5B; Callow et al. 2011;
Zhang et al. 2011; Yang et al. 2016). Within 2 h of Wnt3a
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exposure, the levels of PARsylated Axin1 increased as re-
ported previously (Yang et al. 2016), but this increase was
notably reduced in Usp25−/− cells (Fig. 5G). Collectively,
these results suggest that USP25 is a positivemodulator of
the Wnt/β-catenin pathway.
While knockout of USP25 increased Axin1 protein lev-

els and thus inhibited Wnt signaling, we found that de-
creasing Axin1 by siRNA-mediated knockdown restored
the STF activity in Usp25−/− HEK293T cells (Fig. 5H). In
addition, introducing wild-type, but not the catalytically
inactive SAM deletion mutant of, TNKS1 by lentivirus-
mediated infection intoUsp25−/−HEK293T cells (Supple-
mental Fig. S5C) restored STF activity (Fig. 5I; De Rycker
and Price 2004). These results indicated that USP25 regu-
lates Wnt signaling via modulation of tankyrase/Axin.
To investigate the effects of the USP25–tankyrase

interaction on Wnt signaling, wild-type USP25 as well
as the R1049A and G1054A mutants were introduced

intoUsp25−/−HEK293T cells individually (Supplemental
Fig. S5D), and we found that the expression of wild-type
USP25, but not these mutants, restored the STF activity
in Usp25−/− HEK293T cells (Fig. 5J), suggesting that
USP25 modulates the Wnt pathway through the interac-
tion with tankyrases.

USP25 regulates DLD-1 cell growth in a tankyrase-
dependent manner

Tankyrase is a well-characterized Wnt promoter and is
critical for the survival and growth of Wnt-dependent
cells, such asDLD-1, a colorectal cancer cell linewithmu-
tation in APC (van den Brink et al. 2004). Since USP25 can
positively regulate the protein levels of tankyrases, we hy-
pothesized that USP25 might have a proproliferating ac-
tivity on Wnt-dependent cell lines. We stably knocked
outUSP25 by using theCRISPR–Cas9 technology in these

Figure 5. USP25 regulates Wnt/β-catenin
pathway through tankyrases. (A) Deletion
of USP25 increases Axin1 protein levels.
HEK293T cells with Lenti-CRISPR-mediat-
ed USP25 deletion were harvested and then
analyzed by Western blotting using the in-
dicated antibodies. The same results were
obtained from three independent sets of ex-
periments. (B) Knockdown of USP25 inhib-
its the Wnt3a-induced Super-Topflash
(STF) reporter in HEK293T cells. Error bars
denote the SD between three replicates.
(C ) Knockdown of USP25 blocks Wnt3a-in-
duced accumulation of β-catenin in
HEK293T cells. HEK293T cells were stimu-
lated with or without Wnt3a for 16 h, and
cells were harvested and then analyzed by
Western blotting using the indicated anti-
bodies. (D–F ) Deletion of USP25 inhibits
the Wnt3a-induced STF reporter (D), blocks
Wnt3a-induced accumulation of β-catenin
(E), and abolishes Wnt3a-induced Axin2
up-regulation (F ) in HEK293T cells. (G) Im-
munoblot of lysates from HEK293T cells
treated with Wnt3a conditioned medium
(CM) for 2 h and then subjected to Flag-
WWE (Trp–Trp–Glu) pull-down. Treatment
withWnt3aCM increased the level of ADP-
ribosylated Axin pulled down with Flag-
WWE. Ratios of PARsylated-Axin1/WWE
were calculated and are shown at the right.
Results are shown as means ± SD of three
independent sets of experiments. (H) The
effect of USP25 on Wnt signaling is Axin-
dependent. Usp25−/− HEK293T cells were
transfected with siRNAs against Axin1 or
control siRNA and tested in the STF report-
er assay. Knockdown efficiency is shown
below. Error bars denote the SD between

three replicates. (I ) USP25 knockout-mediated inhibition of STF reporter is rescued by the introduction of TNKS1 but not the ΔSAMmu-
tant. Usp25−/− HEK293T cells stably expressing GFP-tagged wild-type TNKS1 or the TNKS1-ΔSAM mutant were tested in the STF re-
porter assay. Error bars denote the SD between three replicates. (J) The interaction between USP25 and tankyrases is required for
USP25-promoted Wnt signaling. Usp25−/− HEK293T cells reconstituted with Cherry-tagged wild-type USP25 or mutants were tested
in the STF reporter assay. Error bars denote the SD between three replicates.
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cells and found that cells with USP25 knockout pro-
liferated considerably slower than control cells (Fig. 6A).
Under low-serum growth conditions, knockout of
USP25 significantly inhibited colony formation of DLD-
1 cells (Fig. 6B).

If the anti-proliferative effect of USP25 knockout on
DLD-1 cells was mediated by a reduction in the protein
levels of tankyrases, restoration of TNKS1 may rescue
the growth inhibitory effects of USP25 knockout. Indeed,
restoration of tankyrase expression by introducing a GFP-
tagged TNKS1 to a level comparable with that of endoge-
nous tankyrases in USP25 knockout cells markedly
blocked the anti-proliferative effect of USP25 deficiency,
as determined by cell proliferation assay and colony for-
mation assay (Fig. 6C,D). Thus, USP25 promotes the
growth of DLD-1 cells in a tankyrase-dependent manner.

Since tankyrases promote Wnt signaling through desta-
bilization of Axin (Huang et al. 2009), we then reasoned
that if the anti-proliferative effect of USP25 deficiency
in DLD-1 cells was mediated by an increase in the protein

levels of Axin, knockdown of Axin1/2 should block this
effect. Indeed, siRNA-mediated depletion of both Axin1
and Axin2 proteins (Huang et al. 2009) completely abol-
ished the anti-growth effect of USP25 knockout (Fig.
6E), supporting the hypothesis that the growth-promoting
effects of USP25 in DLD-1 cells were due to Axin-depen-
dent inhibition of Wnt signaling.

To investigate the effect of the USP25–tankyrase inter-
action on the growth of DLD-1 cells, we introduced either
wild-type USP25 or the R1049A mutant individually to
USP25 knockout DLD-1 cells, which led to protein ex-
pression levels comparable with that of endogenous
USP25 (Fig. 6F). Reintroduction of wild-type USP25, but
not the R1049A mutant, reversed the reduction in cell
growth and colony formation caused by USP25 knockout
(Fig. 6F,G), suggesting that the interaction of USP25–tank-
yrase is critical for DLD-1 cells growth. From these re-
sults, we conclude that USP25-mediated stabilization of
tankyrases controls the protein levels of Axin to regulate
the Wnt/β-catenin pathway (Fig. 6H).

Figure 6. USP25 regulates cell growth
through tankyrases/Axin. (A,B) Deletion of
USP25 inhibits the proliferation of DLD-1
cells. DLD-1 cells transduced with sgGFP
or two individual single-guide RNAs target-
ing USP25 were examined to determine
their rate of cell proliferation. (A) Cell prolif-
eration assay was performed. Error bars
denote the SD between three replicates. (B)
Colony formation assay was performed.
Colonies viable after 2 wk were counted
and analyzed. n = 3. (C,D) USP25 deletion-
mediated inhibition of DLD-1 cell growth
is rescued by the introduction of GFP-
tagged TNKS1. (C ) Cell proliferation assay
was performed. Error bars denote the SD be-
tween three replicates. (D) Colony forma-
tion assay was performed. Colonies viable
after 2 wk were counted and analyzed. n =
3. (E) USP25 deletion-mediated inhibition
of DLD-1 cells growth is Axin-dependent.
DLD-1 cells were transfected with siRNAs
against AXIN1 and AXIN2 or control
siRNA and tested in the colony formation
assay. n = 3. Knockdown efficiency was
validated by Western blotting and is shown
at the right. (F,G) USP25–tankyrase interac-
tion is required for USP25-mediated promo-
tion of DLD-1 cell growth. USP25-deficient
DLD-1 cells generated by the CRISPR–Cas9
system were reconstituted with wild-type
USP25 or the R1049A mutant and charac-
terized to determine their rate of cell
proliferation (F ) and colony formation (G).
(H) A working model for USP25-regulated
tankyrase stability and Wnt signaling. The
deubiquitination of tankyrases by USP25
leads to their stabilization by antagonizing
ubiquitination. Stabilized tankyrases pro-
mote the degradation of Axin and Wnt
signaling.
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Discussion

In this study, we demonstrate that tankyrases are novel
substrates of USP25. We show that the interaction of
USP25 and tankyrases ismediated by a conserved last sev-
en-amino-acid peptide in the C terminus of USP25 with
the ankyrin repeats of tankyrases. USP25 mediates the
deubiquitination of tankyrases to control their stability.
Importantly, the expression of USP25 regulates Wnt sig-
naling by controlling the levels of tankyrases and Axin.
We propose that USP25 is a crucial positive regulator of
Wnt/β-catenin signaling.
Our biochemical and structural characterizations of the

specific interaction between USP25 and TNKS1 uncover
that, except for ARC3, the other four ARCs (ARC1,
ARC2,ARC4, andARC5) of TNKS1 adopt a highly similar
binding mode to interact with a consensus RXXXDG
motif located at the C terminus of USP25. Particularly, a
delicate “arginine cradle” neatly accommodates the
R1049 of USP25, an “aromatic glycine sandwich” clamps
the G1054 residue, and additional extensive salt bridge
and hydrogen bonds further strengthen the association
of ARCs to other residues in the motif of USP25. Interest-
ingly, this type of interaction mode is shared by other
binders of tankyrases (Guettler et al. 2011). Thus, inhibi-
tors that can disrupt the interaction between USP25 and
tankyrases might also block the interaction of tankyrases
with other substrates.
Several lines of evidence support the concept that

USP25 may function as an oncogene. First, the levels of
USP25mRNAs are significantly increased in breast cancer
tissues and non-small cell lung cancer (NSCLC) tissues as
compared with adjacent tissues (Deng et al. 2007; Li et al.
2014), although themechanisms that lead to this up-regu-
lation remain to be elucidated. Second, USP25 can pro-
mote cell growth and tumor metastasis. Loss of USP25
was sufficient to decrease tumorigenicity in mammary
NSCLC cells. Inhibition of USP25 by miRNA-200c in
NSCLC cells significantly inhibited cell migration and
metastasis (Li et al. 2014). Since tankyrases have been
shown to be involved in three different oncogenic pro-
teins/pathways (Wnt, YAP, and Akt) (Huang et al. 2009;
Li et al. 2015;Wanget al. 2015) and since the tankyrasepro-
tein levels are significantly up-regulated in human breast
cancers (Gelmini et al. 2004), the tumor-promoting role
of USP25 may involve the stabilization of tankyrases.
Thus, modulating the interaction between USP25 and
tankyrases may have effects on additional oncogenic sig-
naling pathways such as those mediated by YAP and Akt.
The interaction of ankyrin repeats in tankyrases with

the C terminus of USP25 offers a novel avenue for selec-
tively targeting tankyrases, as ankyrin repeats are not
present in other members of PARP family. Modulating
the interaction of USP25 with tankyrases provides an
opportunity to stabilize Axin by promoting the degrada-
tion of tankyrases rather than inhibiting their enzymatic
activities. Importantly, our results demonstrate that the
interaction of USP25 with tankyrases is defined by a
seven-amino-acid peptide, suggesting the possibility of
identifying small moleculemimetics to disrupt this inter-

action as a novel therapeutic approach for the treatment of
not only cancers but also other human diseases with dys-
regulated Wnt/β-catenin activity (Guo et al. 2012).

Materials and methods

Cell culture, antibodies, and reagents

HEK293T cells were cultured in DMEM (Gibco) with 10% (v/v)
FBS (Gibco) and 1% penicillin/streptomycin. DLD-1, SW480,
and HCT116 cells were maintained in RPMI1640 supplemented
with 10% (v/v) FBS and 1% penicillin/streptomycin. Cells were
grown in a 37°C humidified incubator containing 5% CO2.
The commercial antibodies used for Western blotting analysis

included the following: anti-USP25 (1:1000 dilution; Abcam,
ab187156), anti-TNKS1/2 (1:1000 dilution; Santa Cruz Biotech-
nology, sc-8337), anti-Axin1 (1:1000 dilution; Cell Signaling
Technology, no. 2087), anti-β-catenin (1:1000 dilution; Cell Sig-
naling Technology, no. 9562), anti-Axin2 (1:1000 dilution; Cell
Signaling Technology, no. 2151), anti-Flag (1:1000 dilution; Cell
Signaling Technology, no. 2368), anti-Myc (1:1000 dilution; Pro-
teintech, 16286-1-AP), anti-HA (1:1000 dilution; Proteintech,
51064-2-AP), and anti-Tubulin (1:10000 dilution; MBL, PM054).
Anti-Flag affinity gel (B23101) and anti-HA affinity gel (B23301)
were from Biotool, CHX (no. 01810) was from Sigma, and XAV-
939 (no. S1180) and MG132 (S2619) were from Selleckchem.

Plasmids, siRNA transfection, and luciferase reporter assay

USP25 and its mutants were fused with either mCherry or a Flag
epitope at the N termini and cloned into pcDNA3.1 using Phanta
Max Super-Fidelity DNA polymerase (Vazyme Biotech Co., Ltd.)
and ClonExpress II cloning kit (Vazyme Biotech Co., Ltd.). The
cDNA rescue experiment was done by cloning GFP-tagged
TNKS1 or Flag-tagged or mCherry-tagged USP25 into a lentiviral
construct. Mutagenesis was performed using MutExpress II mu-
tagenesis kit (Vazyme Biotech Co., Ltd.). Cells were transfected
with plasmid DNA using PolyJet DNA in vitro transfection re-
agent (Signagen Laboratories) according to the manufacturer’s in-
structions. siRNA transient transfections were performed using
HiPerFect transfection reagent (Qiagen) according to the manu-
facturer’s instructions. The sequences of siRNAs used in this
study were as follows: siUsp25-a (5′-UCGAUGGUGUUCCUA
CCUU-3′), siUsp25-b (5′-GGGAGUACUUGAAGGUAAA-3′),
siUsp25-c (5′-CACUUCUUGUUGGUACCAA-3′), siTNKS1 (5′-
CUACAACAGAGUUCGAAUA-3′), siTNKS2 (5′- GAGGGUA
UCUCAUUAGGUA-3′), siAXIN1 (5′- GGGCAUAUCUGGAU
ACCUG-3′), siAXIN2 (5′- GAGUAGCCAAAGCGAUCUA-3′),
and siNC (5′-UUCUCCGAACGUGUCACGUdTdT-3′).
For Luciferase reporter assays, HEK293T cells were transfected

with STF reporter plasmid and an internal reference plasmid for
4–6 h, and cells were activated with Wnt3a conditioned medium
(1:1) for another 12–18 h. STF luciferase assayswere performed by
using the dual-luciferase assay kit (Promega) according to the
manufacturer’s instructions.

Lentiviral gene delivery and generation of reconstitution lines

VSV-G pseudotyped lentiviruses were generated by transient
transfection of HEK293T cells with pLenti, psPAX2 packaging
plasmid, and pMD2.G envelope plasmid in a 4:3:1 ratio.
Viral supernatants were collected 48 h after the transfection.
Cleared supernatant was filtered through a 0.45-µm filter. Poly-
brene (8 µg/mL) was supplemented to viral supernatants. Lenti-
virally transduced cells were selected in 1–10 µg/mL puromycin
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for 7 d. Usp25−/− HEK293T, HEK293T-sgUSP25, and DLD-1-
sgUSP25 cells were infected with lentiviral particles expressing
USP25 (wild type or mutants) or TNKS1 (wild type or mutants).
Polyclonal populationswere screened until wild-type andmutant
lines were generated that had near endogenous USP25 or tankyr-
ases reconstitution levels.

Protein expression and purification

TNKS1 ARCs and a USP25 (residues 1049–1055) fragment were
expressed as Trx-6xHis fusion protein in E. coli BL21 (DE3), cells
are disrupted by a high-pressure homogenizer (Shanghai LituMe-
chanical Equipment Engineering Co., Ltd., FB-110S) and purified
byNi2+ affinity resin (GEHealthcare). USP25 (residues 720–1072)
was fused to an N-terminal GST tag and purified by glutathione
affinity resin (GE Healthcare). All proteins for ITC and comigra-
tion assay were further purified by size exclusion chromato-
graphy on a Superdex 200 26/60 column (GE Healthcare) in a
buffer containing 20 mM Tris (pH 7.5), 100 mM NaCl, and
1 mM DTT.

ITC assay and analytic size exclusion chromatography

ITCexperimentswere performed on an ITC200 or PEAQ-ITCma-
chine (Malvern Instruments Ltd.) at 25°C. The titration datawere
analyzed using the program Origin 7.0 from MicroCal and fitted
using the one-site binding model. Analytic size exclusion chro-
matography experiments were performed on a Superdex 200
Increase 10/300 column (GE Healthcare). All proteins for these
assays were in the buffer containing 20 mM Tris (pH 7.5),
100 mM NaCl, and 1 mM DTT.

Crystallization and structure determination

For crystallization, USP25 (1046–1055) was fused to the C-termi-
nal of Trx-6xHis-TNKS1 (799–957) with a linker of TEV recogni-
tion sequence (ENLYFQG). The Trx-6xHis tag was cut by
protease 3c and removed by size exclusion chromatography on
a Superdex 75 26/60 column in a buffer containing 20 mM Tris
(pH 7.5), 100 mM NaCl, 1 mM DTT, and 1 mM EDTA. Protein
was concentrated to 20 mg/mL, digested by TEV protease over-
night, and then used to set up sitting drop vapor diffusion crystal-
lization with a reservoir buffer containing 100 mM HEPES (pH
7.0), 200 mM sodium chloride, and 20% (w/v) PEG 6000. After
∼10 d, crystals were harvested in the reservoir buffer with an ad-
ditional 25% (v/v) glycerol and flash-frozen in liquid nitrogen.
Diffraction data sets were collected on the beam line BL19U1 at
Shanghai Synchrotron Radiation Facility (SSRF). Phase was ob-
tained by molecular replacement with TNKS2 ARC4 (residues
488–649) structure (ProteinData Bank 3TWX) as a searching tem-
plate using the software suite PHENIX (Adams et al. 2010). Fur-
ther structure refinements were performed using COOT and
PHENIX (Adams et al. 2010; Emsley et al. 2010).

Cell proliferation and colony formation assays

For proliferation assays, cells were seeded at a concentration of
1000 cells per well in flat-bottom 96-well microplates. Cell prolif-
eration was measured at the indicated time using Cell Counting
Kit-8 (Biotool, B34302) according to the manufacturer’s instruc-
tions. For colony formation assays, cells were seeded in low-
serum growth medium (0.5% FBS) at 1000 cells per well in six--
well plates in triplicates. Medium was replenished every 3 d,
and cells were incubated for 14 d. Resulting colonies were fixed

with 4% PFA and stained by a solution of 2 mg/mL crystal violet
in PBS. The numbers of colonies were counted.

CRISPR–Cas9-mediated gene knockout

Usp25was knocked out from HEK293T cells using the CRISPR/
Cas9 system, with a guide RNA (gRNA) spanning exon 2. The
gRNA was cloned individually into the pX330 vector and trans-
fected into HEK293T cells. Transfected cells were sorted by fluo-
rescence-activated cell sorting using GFP. Single colonies were
screened using Western blot and DNA sequencing to confirm
the loss of USP25 protein expression. The following target site
sequence, transduced via pX330, was used: TCAAGGCTTGCT
GTAGTATC (minus strand).
In some of our experiments, effective gene knockdown was

achieved via CRISPR/Cas9-mediated genome editing using
pLenti-CRISPR v2 (Sanjana et al. 2014). Two target site sequences
were cloned into pLenti-CRISPR v2. Lentiviruses were produced
and transduced into HEK293T cells and DLD-1 cells via over-
night incubation with polybrene. Following medium change
and puromycin selection, cellswere harvested 7 d following infec-
tion, and gene knockdown was determined by Western blotting.
Themost effective target guide sequences in terms of knockdown
of protein expression by Western blot were chosen for use in our
experiments. The following target site sequences, transduced via
pLenti-CRISPR v2, were used: sgGFP (TGAACCGCATCGAG
CTGAAG; plus strand), sgUSP25-1 (CAAGGCTTGCTGTAGT
ATCT; plus strand), and sgUSP25-2 (TGGAAACTTGGAATTA
GCAG; plus strand).

Mass spectrometry

The binding proteins of USP25, obtained by immunoprecipita-
tion against USP25, were trypsin-digested on beads. The peptides
were analyzed on anOrbitrap Fusionmass spectrometer (Thermo
Scientific). Protein Identification was performed by Thermo Pro-
teome Discoverer (version 1.4) with Sequest HT. The tandem
mass spectra were searched against the UniProt human protein
database. The precursor mass tolerance was set as 10 ppm, and
the fragment mass tolerance was set as 0.6 Da. The cysteine car-
bamidomethylation was set as a static modification, and the me-
thionine oxidation was set as a variable modification. The q-
values of peptide identification were controlled below 1% using
Percolator. The peptide spectrum match values of each protein
were used to quantify protein abundances in control and USP25
immunoprecipitation samples.

Cell imaging and statistical analysis

Cells were fixed with 4% paraformaldehyde and stained with 3
µg/mL DAPI. Image data were collected for DAPI-labeled nuclei
and GFP/mCherry-tagged intracellular proteins. Student’s t-test
was used for statistical analysis by using GraphPad Prism.

Accession number

The atomic coordinate of the structure of TNKS1 ARC5 in com-
plex with the tankyrase-binding motif of USP25 has been depos-
ited in the Protein Data Bank (http://www.pdb.org) under ID code
5GP7.
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