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Abstract

The Whnt-p-catenin signal transduction pathway is essential for embryonic development and
adult tissue homeostasis. Wnt signaling converts TCF from a transcriptional repressor to an
activator in a process facilitated by the E3 ligase XIAP. XIAP-mediated monoubiquitylation of the
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transcriptional corepressor Groucho (also known as TLE) decreases its affinity for TCF, thereby
allowing the transcriptional coactivator B-catenin to displace it on TCF. Through a genome-scale
screen in cultured Drosophila melanogaster cells, we identified the deubiquitylase USP47 as a
positive regulator of Wnt signaling. We found that USP47 was required for Wnt signaling during
Drosophilaand Xenopus laevis development, as well as in human cells, indicating evolutionary
conservation. In human cells, knockdown of USP47 inhibited Wnt reporter activity, and USP47
acted downstream of the B-catenin destruction complex. USP47 interacted with TLE3 and

XIAP but did not alter their amounts; however, knockdown of USP47 enhanced XIAP-mediated
ubiquitylation of TLE3. USP47 inhibited ubiquitylation of TLE3 by XIAP in vitro in a dose-
dependent manner, suggesting that USP47 is the deubiquitylase that counteracts the E3 ligase
activity of XIAP on TLE. Our data suggest a mechanism by which regulated ubiquitylation and
deubiquitylation of TLE enhances the ability of p-catenin to cycle on and off TCF, thereby helping
to ensure that the expression of Wnt target genes continues only as long as the upstream signal is
present.

Introduction

The Whnt-p-catenin signaling pathway plays an essential role in animal development and in
maintenance of homeostasis in adult tissues (1, 2). Mutations that disrupt the Wnt pathway
result in human diseases, including cancer. The critical effector of the canonical Wnt
pathway is the transcriptional coactivator B-catenin. In the absence of Wnt ligands, p-catenin
is maintained at low amounts due to constitutive proteasome-dependent degradation driven
by a destruction complex composed of the tumor suppressor adenomatous polyposis coli
(APC), the scaffold protein Axin, and the kinases casein kinase 1a (CK1a) and glycogen
synthase kinase 3 (GSK3) (3, 4). The binding of Wnt ligands to the coreceptors low-density
lipoprotein receptor 5 or 6 (LRP5/6) and Frizzled (Fzd), inhibits the destruction complex,
resulting in stabilization of B-catenin. Subsequently, B-catenin translocates to the nucleus,
where its binding to transcription factors of the T cell factor and lymphocyte enhancer factor
(TCF/LEF) family initiates a Wnt transcriptional program (1).

In the absence of a Wnt ligand, the transcriptional corepressors Groucho (Gro) in
invertebrates and Transducin-like enhancer (TLE) in vertebrates form a complex with
TCF/LEF to inhibit the transcription of Wnt target genes (5). The process by which
[B-catenin competes with Gro or TLE (Gro/TLE) binding to TCF/LEF is proposed to be

a regulated event that requires the formation of a large molecular weight nuclear complex or
“enhanceosome” (1, 6). Our laboratory previously identified an E3 ubiquitin ligase, X-linked
inhibitor of apoptosis (XIAP), as a positive regulator of Wnt signaling (7, 8). Wnt signaling
recruits XIAP to TCF/LEF to promote ubiquitylation of Gro/TLE that is bound to TCF/LEF.
Ubiquitylated Gro/TLE exhibits decreased affinity for TCF/LEF, thereby allowing p-catenin
to effectively compete for TCF/LEF binding.

Our previous work suggests the presence of a deubiquitylase (DUB) that acts on Gro/TLE
to reverse the action of XIAP and “recharge” Gro/TLE for reassembly of the Gro/TLE-
TCF/LEF complex (7). Here, we provide evidence that the deubiquitylase ubiquitin-specific
protease 47 (USP47) is an evolutionarily conserved positive regulator of Wnt signaling that

Sci Signal. Author manuscript; available in PMC 2023 August 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kassel et al.

Results

Page 3

reverses the action of XIAP by deubiquitylating Gro/TLE in cells and in vitro. Together,
our data highlight a mechanism by which XIAP and USP47 promote and oppose Gro/TLE
ubiquitylation, respectively, enhancing the ability of p-catenin to cycle on and off TCF,
thereby promoting the p-catenin—dependent regulation of Wnt target genes.

RNAI screen identifies Usp47 as a positive regulator of Wg signaling in Drosophila

We previously identified XIAP as an E3 ligase that enhances signaling induced by
Wingless (Wg), the best characterized Wnt homolog in flies (7). Using a similar approach,
we performed a genome-scale RNA interference (RNAI)-based screen in Drosophila
melanogaster cells to identify deubiquitylases that regulate Wg signaling (fig. S1A).
Briefly, plasmids containing cDNAs corresponding to predicted and experimentally verified
deubiquitylases from the Drosophila Gene Collection (Releases 1 and 2) were used as PCR
templates to generate cDNAs for in vitro transcription of double-stranded RNA (dsRNA)
(9). Knockdowns were performed by the addition of dSRNAs to Drosophila S2R+ cells,

a Wg-sensitive isolate of the S2 cell line stably expressing the Wg-responsive luciferase
reporter TOPflash (10, 11). Using this approach, we found a significant reduction in Wg-
induced signaling upon knockdown of Usp47 (also called Ubp64E), which encodes the
Drosophilahomolog of the vertebrate deubiquitylase USP47 (fig. S1B).

Usp47 is required for Wg signaling in Drosophila

During development, W(g signaling controls patterning of the dorsoventral boundary of

the Drosophilawing. Disruption of Wg signaling results in the loss of specification of
sensory neurons at this boundary (12). To determine whether Usp47 is required for Wg
signaling in vivo, we depleted Usp47transcripts by RNAi-mediated knockdown in third
instar larval wing imaginal discs (the precursors of the adult wing). Selective knockdown

in the posterior compartment of the wing disc was achieved using the hedgehog (hh)-Gal4
driver, and effects on Wg signaling were assayed by examining expression of the Wg target
gene senseless (sens) along the dorsoventral boundary. In contrast to the knockdown of the
control gene yellow (y), knockdown of Usp47in the posterior compartment of the wing disc
markedly reduced sens expression (Fig. 1). To rule out off-target effects, these experiments
were repeated with a different Usp47RNAI construct and led to a similar reduction in

sens expression (Fig. 1A). Notably, RNAi-mediated knockdown of Usp47did not decrease
wyg expression, even though sens reporter (Scar-Sens) expression was decreased (fig. S2).
These findings indicate that the reduction in sens expression resulting from Usp47 depletion
was not due to a reduction in Wg. Consistent with these results, Shi et a/. reported that
Usp47 depletion in the wing disc resulted in decreased accumulation of Armadillo (the
Drosophila homolog of p—catenin) and attenuated expression of sens (13). Together, these
findings provide in vivo evidence supporting the role of Usp47 as a positive regulator of Wg
signaling.

We further characterized the effects of Usp47 depletion in the wing by combining CRISPR-
based mutagenesis with tissue-specific expression of Cas9and Usp47single guide RNAS
(sgRNAs). By comparison to ebony control sgRNAS, expression of Usp47sgRNAS in the
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wing using the vestigial B (vgB)-Gal4 driver resulted in increased notches at the wing
periphery, a hallmark of Wg signaling inactivation. To rule out potential off-target effects,
we used vgB-Gal4to express SgRNAs that target different parts of the Usp47 coding

region, which also resulted in aberrant notching at the wing margin (fig. S3). Furthermore,
isolation of Usp47null alleles using CRISPR-mediated mutagenesis (see Materials and
Methods) resulted in nearly complete pupal lethality, revealing that Usp47 is essential
during development. Together, these findings support the conclusion that Usp47 is a positive
regulator of Wq signaling in Drosophila.

Usp47 is required for Wnt signaling in Xenopus embryos and is present throughout
development

To assess whether Usp47 plays a similar role in the Wnt pathway in vertebrates, we
examined if knockdown or overexpression of Usp47 disrupted anterior-dorsal structure
formation in Xenogpus laevis embryos, a process mediated by Wnt signaling (14).
Knockdown of Usp47 by dorsal injection of a usp47-targeting morpholino resulted in
severely ventralized embryos, consistent with Wnt pathway inhibition (Fig. 2A). The
mutant phenotype was rescued by co-injection with mouse usp47 mRNA, demonstrating
the specificity of the injected usp47-targeting morpholino (Fig. 2A).

Overexpression of Usp47 by ventral injection of usp47mRNA resulted in partial axis
duplication, consistent with Wnt pathway activation (Fig. 2B). Conversely, knockdown of
Usp47 by injection of a usp47-targeting morpholino suppressed secondary axis formation
due to overexpression of g-catenin or XWnt8 mRNA (Fig. 2C). To examine the duplicated
axes in more detail, usp47-injected embryos were sectioned and stained with hematoxylin
and eosin (H&E). The H&E staining revealed muscle tissue in the secondary trunk axis that
is identical to the phenotype induced by injection of low amounts of Xwn8 mRNA (Fig.
2D).

To determine the timing of Usp47 production and its localization during Xenopus
development, we performed reverse transcription-polymerase chain reaction (RT-PCR). The
RT-PCR analysis revealed that usp47is present in the unfertilized egg, gastrula, neurula,
and late tailbud stages (fig. S4A). In situ hybridization analysis revealed a pattern of

usp47 staining similar to that reported for S-catenin (15) (fig. S4B-H). usp47 staining was
localized to the animal half of the early embryo up to the gastrula stage (fig. S4B-E). At
the neurula stage, usp47was localized to the anterior and posterior ends of the embryo (fig.
S4F), whereas at the tailbud stage, usp47 staining was localized to the branchial arches,
eye, and posterior end of the embryo (fig. S4G). At the tadpole stage, usp47 staining was
localized primarily to the head and spinal cord (fig. S4H). Taken together, these data suggest
that Usp47 is present throughout early developmental stages and is required for Xenopus
development.

USP47 is required for Wnt signaling in cultured mammalian cells and acts downstream of
the B-catenin destruction complex

To determine if USP47 is required for Wnt signaling in mammalian cells, we tested the
effects of USP47 knockdown on Wnt3a-induced pathway activation using a human cell
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line stably transfected with the luciferase-based Wnt reporter SuperTOPflash (HEK293STF)
(16). Knockdown of USP47 with two independent short-interfering RNA (siRNA) constructs
blocked Wnt3a-induced reporter activation (Fig. 3A), indicating that USP47 is required for
Whnt-mediated transcriptional activation.

Previous studies indicated that USP47 deubiquitylates p-catenin to inhibit its degradation
(13). Consistent with this result, we found that knockdown of USP47 detectably reduced
the amount of B-catenin (Fig. 3A, S5A). We did not, however, detect a significant

effect of USP47 knockdown on B-catenin ubiquitylation (fig. S5B—C), likely due to the
limited sensitivity of the assay. Inhibiting the activity of the destruction complex kinase,
GSK3, with lithium blocked the decrease in B-catenin upon USP47 knockdown (Fig

3B, S5D). This suggests that USP47 stabilizes p-catenin by reversing GSK3-dependent
B-catenin ubiquitylation. Even though the amount of B-catenin was unchanged with USP47
knockdown in lithium-treated HEK293STF cells (Fig 3B, S5D), Wnt reporter activity was
still inhibited. Based on these results, we reasoned that USP47 must have an additional role
in regulating Wnt signaling independent of its effects on B-catenin turnover and downstream
of the p-catenin destruction complex.

To test whether USP47 functions downstream of the -catenin destruction complex, we
knocked down USP47 in HEK293STF cells in which the destruction complex scaffold
protein, Axin, was also knocked down. Activation of the Wnt pathway upon Axin
knockdown was inhibited by USP47 knockdown (Fig. 3C, S5E). Further confirmation

that USP47 acts downstream of the destruction complex was obtained by siRNA-mediated
knockdown of USP47 in the colorectal cancer cell line HCT116, which exhibits constitutive
Whnit signaling due to a stabilizing mutation in B-catenin (17). We found that USP47
knockdown inhibited Wnt signaling in HCT116 cells (Fig. 3D) (18). These results suggest
that USP47 is required for Wnt signaling downstream of the B-catenin destruction complex.

To assess whether USP47 could be acting in the nucleus to regulate Wnt signaling, we
determined the localization pattern of endogenous USP47 in the mouse intestine (fig. S6A).
We found that USP47 was predominantly nuclear throughout the small intestine and in
colon crypts. Immunostaining of USP47 in HEK293T and RKO human cell lines further
confirmed the strong nuclear localization pattern of USP47 (fig. S6B). In addition, we

did not observe any change in USP47 localization upon Wnt stimulation (fig. S6C). To
determine whether depletion of USP47 affected the accumulation of nuclear B-catenin upon
Whnt stimulation, we performed single-cell analysis with two independent HEK293T clonal
lines that have greatly reduced amounts of USP47 due to CRISPR-Cas9 editing (fig. S6D).
We found that depletion of USP47 did not affect the accumulation of nuclear p-catenin upon
Whnt3a treatment for the two cell lines when compared to their parental control (fig. S6E).

USP47 interacts with XIAP and TLE3 but does not affect their stability

To determine the nuclear role of USP47 in the Wnt pathway, we identified potential USP47
binding partners. USP47 coimmunoprecipitated with XIAP when tagged versions of both
proteins were overexpressed (Fig. 4A) in HEK293 cells. Because our previous studies
demonstrated that XIAP ubiquitylates TLE3 (7), we sought to determine whether USP47
interacts with TLE3. We found that overexpressed XIAP and TLE3 coimmunoprecipitated
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with endogenous USP47 (Fig. 4B). Coimmunoprecipitation of endogenous USP47, XIAP,
and TLE3 from HEK293T cells further confirmed their interactions (Fig. 4C). To determine
whether all three proteins can form a complex, we performed a competitive binding assay.
We found that TLE3 inhibited the interaction between USP47 and XIAP, suggesting that
TLE3 and USP47 compete for binding to XIAP and that the three proteins do not form a
heterotrimeric complex (Fig. 4D, S7TA).

Because deubiquitylating enzymes are known to stabilize their partner E3 ligases by
counteracting their autoubiquitylation, we sought to determine whether USP47 affects
steady-state amounts of XIAP. We found that siRNA-mediated knockdown of USP47 had no
observable effect on the amounts of XIAP (Fig. 5A, S7B). Similarly, knockdown of USP47
did not noticeably affect the amounts of TLE3. We next tested the possibility that USP47

is a substrate of XIAP. We found that neither XIAP overexpression (Fig. 5B, S7C) nor
knockdown (Fig. 5C, S7D) resulted in an observable change in USP47 amounts, suggesting
that XIAP does not affect the stability of USP47. Finally, we demonstrated that the mobility
of USP47 did not change in an in vitro ubiquitylation assay with XIAP, demonstrating that
USP47 is not likely to be a substrate of XIAP in cells (Fig. 5D).

USP47 deubiquitylates TLE3 in cells and in vitro

We previously showed that XIAP ubiquitylates TLE3 to reduce its affinity for TCF/LEF

(7). We speculated that USP47 acts as a deubiquitylase for TLE3 to “recharge” the

system, thereby allowing for rebinding of TLE3 to TCF/LEF. To test whether USP47

acts as a deubiquitylase for TLE3, we knocked down USP47 and overexpressed tagged
forms of TLE3 (Myc-TLE3), ubiquitin (Hisg-Ub), and XIAP (FLAG-XIAP) in HEK293
cells. In the presence of overexpressed XIAP, monoubiquitylated TLE3 species, which

are readily detected by immunoblotting (7), increased upon USP47 knockdown (Fig. 6A).
To more directly determine whether USP47 deubiquitylates TLE3, we performed an in

vitro ubiquitylation assay with ubiquitylated TLE3 and recombinant USP47 protein. USP47
decreased the amount of ubiquitylated TLE3 in vitro in a dose-dependent manner (Fig.

6B). To test how deubiquitylation of TLE3 by USP47 alters TLE3 binding to TCF, we
performed an in vitro binding assay and found that TLE3 was pulled down with TCF4, but
ubiquitylated TLE3 was not (Fig. 6C), consistent with our previous results (7). In agreement
with the greater affinity of deubiquitylated TLE3 for TCF4, the addition of USP47 increased
the total amount of TLE3 that was pulled down with TCF4. These results indicate that
USP47 directly deubiquitylates TLE3 to oppose the activity of XIAP (Fig. 7).

High USP47 correlates with reduced survival in pancreatic cancer patients

USP47 is abundant in several types of cancer (19). Using the cBioPortal in The Cancer
Genome Atlas (20, 21), we found that high amounts of USP47 were significantly associated
with reduced survival of patients with pancreatic cancer (fig. S8). Recurrent inactivating
mutations in RNF43, a ubiquitin ligase that targets Wnt receptors, have also been found

in pancreatic cancer (22). Future studies will focus on whether high amounts of USP47
potentiate Wnt signaling in pancreatic cancers with RNF43 mutations.
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Discussion

Here, we showed that USP47 is an evolutionarily conserved positive regulator of the Wnt
pathway. USP47 was previously reported to deubiquitylate B-catenin, thereby increasing its
stability (13). We observed no noticeable effect on B-catenin ubiquitylation upon knockdown
of USP47, raising the possibility that multiple deubiquitylases may be involved in regulating
this process under normal conditions or that others can compensate when USP47 is

reduced or absent. Our findings indicate that USP47 also acts in the nucleus to regulate
Whnt-mediated transcription by catalyzing the deubiquitylation of Gro/TLE. We previously
proposed a model in which Wnt signaling promotes recruitment of XIAP to Gro/TLE-TCF/
LEF; subsequently, XIAP ubiquitylates Gro/TLE to facilitate its dissociation and allow
B-catenin binding to TCF/LEF (Fig. 7A). Furthermore, we showed that this activity of XIAP
was required to cycle p-catenin on and off TCF to promote Wnt signaling (7). Our current
study suggests that USP47 is the deubiquitylase that counteracts the E3 ligase activity of
XIAP (Fig. 7B). Given that USP47 opposes the activity of XIAP, a positive Wnt regulator,
by deubiquitylating its substrate, Gro/TLE, the finding that USP47 promotes Wnt signaling
was unexpected. We speculate that by mediating the deubiquitylation of Gro/TLE, USP47
“recharges” Gro/TLE, the ubiquitylated form of which does not bind TCF, to dislodge
B-catenin from TCF, thereby establishing a cycle of B-catenin binding to and dissociating
from TCF/LEF. Unlike that for XIAP, there is no evidence that USP47 is recruited to TCF

in response to Wnt signaling, and we favor a model in which USP47 acts in a recycling step
for Gro/TLE. We show that although XIAP, USP47, and TLE3 can form dimeric complexes
with one another, they are unable to form a stable trimeric complex. Furthermore, we cannot
distinguish whether XIAP and USP47 have overlapping binding sites on TLE3 or whether
the binding of XIAP or USP47 induces a conformational change in TLE3 that precludes the
binding of USP47 or XIAP, respectively.

The cycling of p-catenin on and off promoters has been previously speculated to provide
a mechanism by which cells are able to maintain a Wnt-mediated transcriptional response
(23). A similar phenomenon has been observed with other transcription factors, including
Smad4, p53, and FoxO, all of which are also regulated by cycles of ubiquitylation and
deubiquitylation (24-26). The alternating binding of coactivator and corepressor (often
triggered by ubiquitylation) has been proposed to be a feature of promoters regulated by
inducible transcription factors (particularly nuclear receptors) and may allow for potential
regulatory checkpoints (27). In such a scenario, binding of the corepressor would allow
the system to reset and monitor the state of pathway activation before proceeding with a
further transcriptional response. This would contribute to the responsiveness of the system
by ensuring that Wnt-activated gene expression only continued in the presence of the
activating signal and could be rapidly shut down when the signal is no longer present. Such
a mechanism would allow for more precise control of gene transcription and a more rapid
reversal upon the termination of the signal.

USP47 participates in DNA damage repair, cell adhesion, and epithelial-mesenchymal
transition (EMT) (28). Mechanistically, USP47 regulates multiple signaling pathways
through the stabilization of its substrate proteins, including modulators of EMT [such as
the Hippo pathway effector YAP, E-cadherin, SNAIL, and Special AT-rich Binding protein
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1 (SATB1)], MAPK, transcription elongation factor A3 (TCEAZ3, a regulator of transcription
and apoptosis), and B-transducin repeats—containing protein (-TRCP), which is involved

in a variety of cellular processes including Wnt signaling (29-35). Thus, USP47 may play
multiple roles in regulating Wnt signaling through its effects on p-catenin, B-TRCP, and
TLE3. USP47 has also been shown to deubiquitylate monoubiquitylated Pol, and inhibition
of USP47 leads to the accumulation of DNA strand breaks and decreased cell viability (36).
Inhibitors of USP47 are being developed as anti-cancer agents (37). Our results predict that
drugs targeting USP47 may also inhibit the Wnt pathway, thereby providing an effective
strategy for targeting cancers through its effects on DNA damage repair, cell survival, and
Whnt signaling.

Materials and Methods

Drosophila dsRNA Generation and S2 Cell RNAi Screen

Screening for deubiquitylase regulators of Wg signaling was performed as previously
reported (7). Verified or predicted deubiquitylases (DUBs) were identified using the
“Termlink” function on www.flybase.org, resulting in a list of 29 DUBs. The Drosophila
Gene Collection (DGC) was used to isolate plasmid cDNA encoding each DUB. T7 and T3
RNA polymerase promoters were added to the 5’ and 3’ end of each cDNA, respectively, via
PCR primers specific for the vector. Primer sequences are as follows for DUBs in pOTB7/
pOT2:

Forward-5’-
CAGAGATGCATAATACGACTCACTATAGGGAGATTAGGTGACACTATAGAACT-3’

Reverse-5’-
CCAAGCCTTCAATTAACCCTCACTAAAGGGAGAAAGCCCGCTCATTAGGCGGGTT
AAA-3’

For DUBs in pBSSK/pFlcl:

Forward 5’-
CAGAGATGCATAATACGACTCACTATAGGGAGACGACTCACTATAGGGCGAAT-3’

Reverse-5’-
CCAAGCCTTCAATTAACCCTCACTAAAGGGAGATTAACCCTCACTAAAGGGAACA
AAA-3’.

dsRNAs were synthesized in an in vitro transcription reaction using mMessage mMachine
(Ambion) according to the manufacturer’s instructions. dsSRNAs were purified using the
Rneasy Mini Kit (Qiagen) and were added to Drosophila S2 reporter cells stably transfected
with a Wg TOPflash luciferase transcriptional reporter and a constitutively expressed /acZ
gene (gift from R. Nusse, Stanford). S2 reporter cells were then incubated with dsSRNAs

for 72 hr. followed by incubation for 24 hr with Wg-conditioned media from a Drosophila
S2 cell line (S2-Tub-wg) stably transfected to express Wg (gift from R. Nusse, Stanford).
Cells were lysed in 1X Passive Lysis Buffer (Promega), and luciferase and p-galactosidase
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activities were measured using Steady Glo and p-Glo assays (Promega), respectively.
Luciferase activity was normalized to B-galactosidase activity (a measure of cell number).

Drosophila stocks and crosses

RNA. lines for Usp47 (Usp47'%: Viienna Drosophila Resource Center [VDRC] #103743 and
Usp472: VDRC #26027) and y (VDRC #106068) were expressed, along with UAS-Dcr-2
(BDSC #24648), in third instar larval wing imaginal discs using the /#A-Gal4 (38) driver.
Crosses were performed at 25°C.

Generation of mScar:T2A:sens flies

To generate a transcriptional reporter for sensexpression in Drosophila, the coding
sequence for the red fluorophore mScarlet was inserted 5’ of the sens coding

sequence by CRISPR-assisted homology-directed repair. To avoid functional interference
of Sens function by the fluorescent tag, the coding sequence of both proteins

was separated by a T2A cleavage signal. CRISPR-assisted HDR was performed

as previously described (39). Briefly, a donor plasmid was constructed containing
homology arms of around 1 kb on either side of the insertion site and the

mScar: T2A sequence. Homology arms were PCR amplified with primers sens5’armfwd
GACGGTATCGATAAGCTTGATATCGAATTCcaccgatcagcagtgaaatcctctgec, sens5’armrev
CTTTATTACAGCTTCGCCCTTACTAACCATTTTGATTCTGGATCTTTACTTTTTGG,

sens3’armfwd
ATGCGGTGACGTCGAGGAGAATCCTGGTCCAATGAATCACCTATCGCCGCC, and

sens3’armrev
GAGCTCCACCGCGGTGGCGGCCGCTCTAGAACCTGGTGCTCCTCCTCATC from
genomic DNA of nos-Cas9flies. The mScar: T2A sequence was ordered as a gBlock

from Integrated DNA Technologies and assembled with the homology arms and EcoRl

and Xbal digested pBluescript plasmid by In-Fusion cloning (Takara Bio, Shiga, Japan).

A sgRNA with the protospacer TAGGTGATTCATTTTGATTC was cloned into pCFD3 as
previously described (39). 500 ng/ul donor plasmid and 100 ng/ul sgRNA plasmid were
microinjected into nos-cas9 embryos. Progeny carrying the insertion were identified by PCR
and the accuracy of the knock-in was confirmed by PCR with primers annealing outside the
homology arms and subsequent Sanger sequencing.

Generation of tissue-specific CRISPR mutations in Drosophila

CRISPR target sites were identified using https://flycrispr.org/target-finder/ (40) gRNA
sequences (table S1). Two sets of two guide RNAs for Usp47and one set for the

control gene ebony were cloned into the pCFD6: UAS-t::gRNA plasmid, following the
protocol described at http://www.crisprflydesign.org/. Plasmids were injected by BestGene
and integrated at the aftP40site. Wing-specific mutations were generated by crossing the
gRNA-containing lines to vgB-Gal4, UAS-Cas9. Crosses were performed at 29°C.
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Generation of germline Usp47 mutants using CRISPR/Cas9

Usp47 germline mutants described in Table S2 were generated using Usp47gRNA line

2 (table S1). The gRNA-containing line was crossed to yw; UAS-Cas9 nos-Gal4::\/P16
(Bloomington Drosophila Stock Center #54593). The Usp47 mutants isolated encode only
39 or 40 out of the total 1538 amino acids (table S2).

Drosophila immunohistochemistry

Third instar larval wing imaginal discs were dissected in PBS and fixed in 4%
paraformaldehyde in PBS for 20 minutes. After fixation, discs were washed with PBS with
0.1% Triton X-100 followed by incubation in PBS with 0.1% Triton X-100 and 10% BSA
for 1 hr. at room temperature. Wing discs were incubated with guinea pig anti-Senseless
(41) or rabbit anti-dsRed (Clontech/TaKaRa, Cat. No. 632496, 1:500, to detect the sens
reporter mScar: T2A:sens), mouse anti-Wg (4D4, Developmental Studies Hybridoma bank
[DSHB], 1:500), and mouse anti-Engrailed (En) (4D9, [DSHB], 1:20) at 4°C overnight in
PBS with 0.5% Triton X-100, followed by incubation with secondary antibodies (anti-guinea
pig and anti-mouse Alexa Fluor 488 and 555 conjugates; ThermoFisher Scientific, 1:500)
for 2 hr. at room temperature. Specimens were stained with DAPI (2 ug/ml) and mounted

in Prolong Gold (Invitrogen). Fluorescent images were obtained on a Nikon A1Rsi confocal
microscope.

Plasmids and purified proteins

pCS2-Myc-XIAP, pCS2-Myc-TLE3, pCS2-USP47, pCS2-HA-USP47, and pCS2-HA-Ub
were generated using standard PCR-based cloning strategies. pMAL-C5E-6XTUBE was
synthesized by Genscript Biotech based on the 6XTUBE sequence (42). pEBB-FLAG-
XIAP was purchased from Addgene and described previously (43, 44). pTwist-CMV-
BetaGlobin-V5-USP47 was purchased from Twist Biosciences. The following plasmids
were generous gifts: pMT107-His-Ub (W. Tansey, Vanderbilt University), and pcDNA3-HA-
TLE3 (A. Kispert, Hannover Medical School). MBP-TUBE was purified according to the
manufacturer’s protocol for pMAL-based vectors (New England Biolabs). GST-TCF4 was
purified as described previously (7). Recombinant His10-USP47 protein was purchased from
R&D Systems. Recombinant murine Wnt3a protein was purchased from TIME Bioscience.

Cell lines and transfections

HEK?293 cell lines were purchased from the American Type Culture Collection. Wg-
secreting cells were purchased from the Drosophila Genomics Resource Center. The
following cell lines were gifts: HEK293STF (J. Nathans, Johns Hopkins University)
HCT116 WTKO (R. Coffey, Vanderbilt University), and S2 reporter cells (R. Nusse,
Stanford University). HEK293 cell lines were cultured in DMEM plus 10% FBS and
antibiotics. HCT116 cells were cultured in McCoy’s 5a Medium plus 10% FBS. Drosophila
S2 cells were cultured in Schneider’s medium plus 10% FBS. DNA transfections were
performed with CaCl,, or Lipofectamine 3000 transfection reagent (Invitrogen) according to
the manufacturer’s protocol. CaCl, transfections were performed as follows. To transfect an
individual well of a 12-well plate, 1 pg of DNA was mixed with 6.1 pl of CaCl, and sterile
water for a final volume of 50 pl and added to a tube containing 50 pl of 2x HBS (280mM
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NaCl, 10mM KCI, 1.5 mM Nay,HPO4-2H,0, 12 mM Dextrose (D-Glucose), and 50 mM
HEPES), mixed by bubbling air, and added dropwise to the cells. siRNA transfections
were performed using Dharmafect-1 (HEK293) or Dharmafect-2 (HCT116). The following
SiRNAs were used:

NT siRNA: 5°- UAAGGCUAUGAAGAGAUACUU-3’
USP47 siRNA#1: 5’-CGAGAGAAGCUUAGUGAAAUU-3’
USP47 siRNA#2: 5’-GCUUAUAAGAUGAUGGAUUUU-3’
hAXIN1 siRNA#1: 5’-GCGUGGAGCCUCAGAAGUUUU-3’
hAXIN1 siRNA#2: 5’-CCGAGGAGAAGCUGGAGGAUU-3’

Axin siRNA knockdowns were performed by combining hAXIN1 siRNA#1 and #2.
Similarly, unless otherwise stated, USP47 siRNA knockdowns were performed by
combining USP47 siRNA#1 and #2.

Generation of USP47 CRISPR-Cas9 edited clones

Guide RNAs were designed using publicly available prediction tools at https://
www.broadinstitute.org/rnai/public/analysis-tools/sgrna-design (45). The following guide
sequences were used to generate the USP47-83 and USP47-118 clones:

USP47 gRNA#1: 5’-GGAACCTTTGACTTGGTGTG-3’
USP47 gRNA#2: 5’-GAAGATGTGGCCAACAAAGT-3’

pCas-Guide plasmids (OriGene Technologies) containing USP47 gRNA#1 and USP47
gRNA#2 were co-transfected into HEK293T cells, GFP positive cells FACS sorted, and
immunoblotting performed of individual clones to assess USP47 protein levels as previously
described (46). Were unable to obtain clones that showed complete knockout of USP47
protein as assessed by immunoblotting, which may reflect the fact that USP47 is an essential
gene. Alternatively, the difficulty of obtaining cells with complete knockout of USP47

in HEK293 cells may be attributed to its pseudotriploid nature (47). Regardless, several
clones were identified that showed significantly reduced amounts of USP47 protein by
immunoblotting, including USP47-83 and USP47-118, which were further expanded for
use.

Immunoblotting, Immunoprecipitation, and GST Pull-downs

For immunoblots, cells were lysed in non-denaturing lysis buffer (NDLB) (50 mM Tris-Cl
(pH 7.4), 300 mM NaCl, 5 mM EDTA, 1% Triton X-100) with 1 mM PMSF and soluble
fractions were obtained. Immunoblot intensities were measured using ImageJ (National
Institute of Health). For co-immunoprecipitations, cells were lysed in NDLB with 1mM
PMSF and PhosStop phosphatase inhibitor cocktail tablets (Roche). Lysates were diluted
to 1 mg/ml with lysis buffer and incubated with antibody overnight with rotation at 4°C
followed by the addition of Protein A/G beads (Santa Cruz) for 2 hr. Beads were then
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washed 5X with NDLB. Bound proteins were eluted from beads with protein sample buffer
and analyzed by SDS-PAGE/immunoblotting. For competition binding assay, increasing
amounts of HA-TLE3 was co-transfected (50ng, 500ng, 5000ng) with VV5-USP47 (5000ng)
and/or Myc-XIAP (5000ng). Control empty vector was added so the total amount of DNA
was consistent across samples. For in vitro binding assays, GST-TCF4 (8 ug) was diluted

in NDLB and incubated with ubiquitylated Myc-TLE3 (see Ubiquitylation assays) treated
with or without recombinant His1g-USP47 protein (3.84 ug) for 1 hr with rotation at 4°C.
Glutathione beads (Thermo Scientific) were added for 2 hr with rotation at 4°C. Beads were
washed seven times for 5 min at 4°C in NDLB, and proteins eluted with sample buffer and
analyzed by SDS-PAGE followed by immunoblotting.

Ubiquitylation assays

In vitro ubiquitylation assays were performed in 10l reactions using the Ubiquitin
Conjugation Initiation Kit (R&D Systems) and USP47 (R&D Systems). Increasing amounts
of USP47 were added (0.32 ug, 0.64 ug, or 0.96 ug). Ubiquitylated Myc-TLE3 was prepared
by transfection of HEK293FT cells with HA-Ub, Myc-TLE3, and FLAG-XIAP. Whole

cell lysate was collected and used as a substrate. USP47 in vitro ubiquitylation assays

were performed in 20 ul reactions using the Ubiquitin Thioester/Conjugation Initiation Kit
(Boston Biochem) and the following: 1uM UbcH5a (Boston Biochem); 2.5 ug GST-XIAP,
and 1 mM DTT. USP47 protein, generated by the TNT Transcription/Translation System
(Promega), was used as a substrate. Reactions were carried out at 30°C for 90 min and were
terminated by the addition of sample buffer. Reaction products were resolved by SDS-PAGE
and visualized by immunoblotting. For the tandem Ub-binding entity (TUBE) assay (48),
cells were treated with 10 uM of the proteasome inhibitor MG132 (Sigma-Aldrich) or
dimethyl sulfoxide (DMSO) for 4 hr. and lysed in NDLB with ImM PMSF and PhosStop
phosphatase inhibitor cocktail tablets (Roche). Lysates were diluted to 1 mg/ml with lysis
buffer and incubated with 50 ug of MBP-TUBE protein O/N with rotation at 4°C followed
by the addition of amylose resin (NEB) for 2 hr. Resin was then washed five times with
0.1% TBS-Tween. Bound proteins were eluted from the resin with protein sample buffer and
analyzed by SDS-PAGE/immunoblotting.

Immunofluorescence and single-cell analysis

For immunofluorescence, cells were seeded on a black, clear-bottom 96-well imaging plate
(Greiner 655090) and allowed to adhere overnight. Cells were then treated for 6 hr. with
increasing concentrations of Wnt3a (R&D 5036-WN). Cells were then fixed with 4% PFA/
sucrose and permeabilized in 0.2% Triton X-100/PBS and blocked with 2.5% BSA/PBS for
1 hr. at room temperature. Cells were then stained with primary antibody for USP47 (Bethyl
IHC-00235, 1:500) and p-catenin (BD Biosciences 610154, 1:1000) overnight at 4°C.
Washes were performed 3X with PBST followed by incubation with AlexaFluor 488/546
(Invitrogen A11001/A11035, 1:1000) for 2 hr. at room temperature protected from light.
Cells were stained for DAPI for 30 min. and imaged using a PerkinElmer CLS high-content
microscope. Segmentation was performed using Harmony software as previously described
(49), and nuclear and total USP47 and pB-catenin were measured.
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Reporter Assays

For cell-based luciferase assays, cells were plated and transfected with SiRNA or DNA, as
described above. Wnt3a-conditioned medium (from L cells stably transfected to express
Whnt3a; CRL-2467, ATCC) or control medium (from L cells; CRL-2648, ATCC ) or
recombinant murine Wnt3a (TIME Bioscience) was added to HEK293STF or HCT116
WTKO cells stably transfected with a luciferase-based Wnt reporter 24 hr. after transfection.
Cells were lysed 24 hr. after Wnt3a treatment with 1X Passive Lysis Buffer (Promega),

and luciferase activity was measured with Steady Glo (Promega). Luciferase activities were
normalized to viable cell numbers using the CellTiter-Glo assay (Promega). All assays were
performed in triplicate. All graphs were made using Prism 4 (GraphPad Software, Inc.).
Statistical analysis was performed using the two-tailed, unpaired student’s t-test. A value of
p<0.05 is considered statistically significant.

Xenopus laevis studies

Xenopus embryos were fertilized in vitro, dejellied, cultured, and injected with 25 ng of
Morpholino and/or 2 ng of mMRNA as previously described (50). Morpholinos with the
following sequences were purchased from Gene Tools:

Standard Control MO: 5’-CCTCTTACCTCAGTTACAATTTATA-3’
USP47 MO: 5’-GCTGACTCTCTTCTCCAGGCCTCAT-3’

Capped Xwnt8and USP47 mRNA were generated using mMessage mMachine (Ambion)
according to the manufacturer’s instructions. Animal caps were excised from stage 9
embryos, cultured until stage 11, and RT-PCRs of USP47, Chordin, and ODC transcripts
were performed as described (51). In situ hybridization analysis was performed as described
(52) using a probe against Xengpus USP47 and using SP6 polymerase for the antisense
strand. For whole embryo sectioning and staining, embryos were formalin-fixed, processed,
embedded into paraffin, and stained with hematoxylin and eosin for histological analysis.
Statistical analysis was performed using Chi-square test with Bonferroni correction. All
experiments involving the use of Xenopus embryos was approved by the Institutional
Animal Care and Use Committee (IACUC) at Vanderbilt University and were performed

in accordance with their policies and guidelines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Usp47 is required for the expression of the Wg target gene sensin the Drosophila wing
imaginal disc.

(A) Immunofluorescence staining for Sens and En in third instar wing imaginal discs in
which Usp47was knocked down by RNAI in the posterior compartment (marked by En)
using the hh-Gal4 driver. Usp47 knockdown was performed in two independent RNAI lines
(i1 and i2). RNAi-mediated knockdown of yis a negative control. Scale bar, 50 um. (B) The
percentage of discs that showed decreased Sens, as determined by visualization of partial or
complete loss of Sens stripes in the posterior wing disc. **** p < 0.0001. Significance was
assessed using two-tailed Student’s t-test versus y control. Significance was not corrected for
multiple comparisons. N = 20-25 discs per group.
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Fig. 2. Loss and gain of Usp47 perturbs axis formation in Xenopus embryos.

(A) Xenopusembryos at the 4-cell stage were injected dorsally with control morpholino,
usp47 Morpholino (MO), or usp47 MO plus usp47mRNA, and the dorsal-anterior index
(DAI) was determined as previously described (53). The percentage of ventralized embryos
(DA < 2) was quantified, and absolute numbers are shown above the bars in the graph.
Representative embryos are shown. n=25-50 embryos per treatment group in each of 3
independent experiments. ***p < 0.0005. Significance was assessed using Chi-square test
with Bonferroni correction. Scale bar, 1 mm. (B) 4-cell embryos were injected ventrally
with control or usp47 mRNA. The percentage of embryos with secondary axis formation
was quantified, and absolute numbers are shown above bars in the graph. Representative
embryos are shown. n= 45-50 embryos per treatment group in each of 3 independent
experiments. ***p < 0.005. Significance was assessed using Chi-square test. Scale bar,

1 mm. (C) Xenopus embryos were injected with control MO, gB-catenin mRNA, XWnt8
MRNA, B-catenin mRNA plus usp47 MO, or XWnt8 mRNA plus usp47 MO. The
percentage of embryos with secondary axis formation was quantified, and the absolute
numbers are shown above bars in the graph. Representative embryos are shown. n= 45—
75 embryos per treatment group in each of 3 independent experiments. **p < 0.0003.
Significance was assessed using Chi-square test with Bonferroni correction. Scale bar, 1
mm. (D) Embryos injected with control, usp47, or Xwnt8 mRNA were fixed, sectioned, and
stained with hematoxylin and eosin. Black arrows point to ectopic mesoderm. NT, neural
tube; NC, notochord. Scale bar, 200 pm. Images are representative of n > 5 embryos per
treatment group.
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Fig. 3. USP47 is required for Wnt signaling in human cells and functions downstream of
B-catenin stabilization.

(A and B) HEK293STF cells were transfected with non-targeting (NT) control or two
independent USP47 siRNAs (siRNA#1 and #2) and either treated with control conditioned
media from L cells (Con) or conditioned media from L cells expressing Wnt3A (Wnt3A
CM) (A) or treated with LiCl (B). TOPflash reporter activity was quantified, and cell
extracts were immunoblotted for USP47 and pB-catenin. GAPDH is a loading control.

(C) HEK293STF cells were transfected as indicated with NT control, USP47 siRNAs,

AXxin siRNAs, or USP47 and Axin siRNAs. TOPflash reporter activity was quantified, and
cell extracts were immunoblotted for USP47 and Axin. Tubulin is a loading control. (D)
HCT116STF cells were transfected with NT control or two independent USP47 siRNAs.
TOPflash reporter activity was quantified, and cell extracts were immunoblotted for USP47.
Graphs show mean + SD of TOPflash normalized to cell number and NT control. *p<0.05,
***p<0.005. Significance was assessed using two-tailed Student’s t-test versus NT or Axin
knockdown. Significance was not corrected for multiple comparisons. All TOPflash results
and blots are representative of at least three independent experiments. N = 3—4 wells of cells
per treatment group per experiment.
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Fig. 4. USP47 interacts with XIAP and TLE3.
(A) HEK293 cells were transfected with plasmids encoding Myc-XIAP and HA-USP47as

indicated. HA immunoprecipitates (IP) and whole-cell lysates (WCL) were immunoblotted
for HA and Myc. Arrowhead indicates autoubiquitylated Myc-XIAP. GAPDH is a loading
control. (B) HEK293 cells were transfected with plasmids encoding Myc-XIAP and
HA-TLES as indicated, and cell extracts were immunoprecipitated with an antibody
recognizing endogenous USP47 or with IgG (negative control). Co-immunoprecipitated
Myc-XIAP and HA-TLE3 were detected by immunoblotting for Myc and HA, respectively.
Arrowhead indicates nonspecific band. (C) HEK293 cells were incubated in the presence
or absence of purified recombinant Wnt3a, and cell extracts were immunoprecipitated with
a USP47-specific antibody or 1gG (negative control). Co-immunoprecipitated, endogenous
XIAP and TLE3 were detected by immunoblotting. (D) HEK293 cells were transfected
with the indicated expression constructs, and Myc-XIAP was immunoprecipitated. Co-
immunoprecipitated VV5-USP47 and HA-TLE3 were detected by immunoblotting for V5
and HA, respectively. Asterisk marks proteolytic fragment of USP47 occasionally observed
during the immunoprecipitation step. All immunoblots are representative of at least three
independent experiments.
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Fig. 5. USP47 and XIAP do not affect one another’s stability.
(A) HEK293 cells were transfected with non-targeting (NT) control or two independent

USP47 siRNAs (USP47 #1 and #2). Whole-cell lysate was collected and immunoblotted
for endogenous USP47, TLE3, and XIAP. GAPDH is loading control. (B) HEK293 cells
were transfected as indicated with vector control (Con) or Myc-XIAP and treated with
purified recombinant Wnt3a prior to immunoblotting for USP47 and XIAP. (C) HEK293
cells transfected with NT control or two independent XIAP siRNAs (XIAP #1 and #2) were
incubated in the presence or absence of Wnt3a and cell extracts were immunoblotted for
USP47 and XIAP. (D) In vitro—translated USP47 was incubated in an in vitro ubiquitylation
assay with recombinant proteins as indicated and USP47 was detected by immunoblotting.
All immunoblots are representative of at least three independent experiments.
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Fig. 6. USP47 deubiquitylates TLE3.
(A) HEK293 cells were transfected with the indicated expression constructs, and whole-cell

lysates were immunablotted for HA and USP47. Tubulin is loading control. Ubiquitylated
TLE3 was quantified and normalized to non-targeting (NT) control. Graph shows mean

+ SEM of three independent replicates. ***p<0.005 (two-tailed Student’s t-test) versus

Ub plus XIAP. (B) Ubiquitylated Myc-TLE3 was incubated with increasing amounts of
recombinant USP47 protein in an in vitro deubiquitylation assay. Ubiquitylated TLE3 was
detected by immunoblotting for Myc, quantified, and normalized to buffer control. Graph
shows mean + SEM of three independent experiments. ***p<0.005 (two-tailed Student’s
t-test) versus buffer control. Significance was not corrected for multiple comparisons. (C)
Ubiquitylated Myc-TLE3 was isolated from HEK293 cells and incubated with recombinant
His-tagged USP47 protein in an in vitro deubiquitylation reaction followed by a binding
assay performed with purified GST-TCF4. Bound Myc-TLE3 was eluted with sample buffer
and detected by immunoblotting for Myc. Quantification of Myc-TLE3 immunoblots was
normalized to buffer control. Graph shows mean = SEM of three independent experiments.
**p<0.01, ***p<0.005 (two-tailed Student’s t-test) versus no USP47 control. Significance
was not corrected for multiple comparisons. All immunoblots are representative of at least
three independent experiments.
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Fig. 7. Model for XIAP and USP47 in regulating Gro/TLE ubiquitylation in the Wnt pathway.

(A) Upon Whnt signaling, XIAP ubiquitylates Gro/TLE, which promotes Gro/TLE

dissociation from TCF to allow binding of B-catenin to TCF. (B) USP47 deubiquitylates
Gro/TLE, thereby allowing it to displace -catenin and rebind to TCF, setting up a cycle of

[-catenin binding to and dissociation from TCF.
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