Cell Death & Differentiation (2018) 25:1855-1869
https://doi.org/10.1038/541418-018-0138-z

Cell Death &
Differentiation

ARTICLE

®

Check for

USP20 positively regulates tumorigenesis and chemoresistance

through B-catenin stabilization

Chenming Wu'? - Kuntian Luo'?3 - Fei Zhao® - Ping Yin® - Ying Song* - Min Deng? - Jinzhou Huang? -

Yuping Chen'? - Lei Li'? - SeungBaek Lee? - JungJin Kim3 - Qin Zhou? - Xinyi Tu® - Somaira Nowsheen*
Qifeng Luo’ - Xiumei Gao® - Zhenkun Lou®?3 - Zhongmin Liu'? - Jian Yuan

6 .
1,23,6

Received: 13 December 2017 / Revised: 9 May 2018 / Accepted: 15 May 2018 / Published online: 4 June 2018

© ADMC Associazione Differenziamento e Morte Cellulare 2018

Abstract

[-catenin is a major transcriptional activator of the canonical Wnt/p-catenin signaling pathway. It is important for a series of
biological processes including tissue homeostasis, and embryonic development and is involved in various human diseases.
Elevated oncogenic activity of p-catenin is frequently observed in cancers, which contributes to survival, metastasis and
chemo-resistance of cancer cells. However, the mechanism of -catenin overexpression in cancers is not well defined. Here
we demonstrate that the deubiquitination enzyme USP20 is a new regulator of the Wnt/pB-catenin signaling pathway.
Mechanistically, USP20 regulates the deubiquitination of p-catenin to control its stability, thereby inducing proliferation,
invasion and migration of cancer cells. High expression of USP20 correlates with increased p-catenin protein level in
multiple cancer cell lines and patient samples. Moreover, knockdown of USP20 increases B-catenin polyubiquitination,
which enhances f-catenin turnover and cell sensitivity to chemotherapy. Collectively, our results establish the USP20-f-
catenin axis as a critical regulatory mechanism of canonical Wnt/pB-catenin signaling pathway with an important role in

tumorigenesis and chemo response in human cancers.
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Introduction

Wnt proteins encoded by the Wnt genes have been con-
sidered to form a large family of cysteine-rich molecules
that regulate organisms’ development from nematodes to
mammals [1, 2]. The Wnt pathway is considered to be
highly evolutionally conserved and regulates numerous
biological processes, including cell axis formation, cell
proliferation, cell migration, cell morphology, and organ
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Fig. 1 USP20 is a B-catenin binding protein. a Interaction between
transfected Flag-tagged -catenin and endogenous USP20. Lysates
from HEK293T cells expressing Flag-p-catenin were subjected to
immunoprecipitation and Western blot analysis using the indicated
antibodies. b, ¢ Interaction between endogenous USP20 and f-catenin.
HEK?293T cell were collected and subjected to immunoprecipitation
using control IgG, (b) anti-USP20, or (c¢) anti-B-catenin antibodies.
Blots were probed with the indicated antibodies. d Schematic repre-
sentation of the structures of USP20 truncation mutants. ZF-UBP, Zinc
finger Ubiquitin-processing protease. UCH, ubiquitin carboxyl-
terminal hydrolase. DUSP, domain in ubiquitin-specific proteases.
The ability of each USP20 deletion mutant to bind to f-catenin is

development [2-4]. Wnt signaling pathway contains two
distinct signaling cascades. One is the p-catenin mediated
canonical Wnt/B-catenin signaling pathway and the other is
the non-canonical signaling pathway controlled by Ca*" or
small G proteins [5, 6].The canonical Wnt/p-catenin sig-
naling pathway is one of the key hubs in controlling cellular
homeostasis and development [7—10]. Dysregulation of this
pathway induces a variety of cancers and multiple heredi-
tary syndromes [8, 11, 12]. P-catenin is the major tran-
scriptional co-activator of the canonical Wnt pathway.
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indicated (+: binding, -: no binding). e Full length and different
fragments of Flag-tagged USP20 were transfected into
HEK293T cells. 48 h later, cells were lysed and immunoprecipitated
with anti-Flag antibody. The immunoprecipitates were then blotted
with the indicated antibodies. f Schematic presentation of p-catenin
domains and deletion mutants. The ability of each P-catenin deletion
mutant to bind to USP20 is indicated. TAD, transactivation domain. g
Flag-tagged full length and different fragments of P-catenin were
transiently transfected into HEK293T cells. Forty-eight hours later,
cells were lysed and immunoprecipitated with anti-Flag antibody.
Blots were then probed with the indicated antibodies

Therefore, regulation of B-catenin levels is a crucial event in
this pathway. The key regulatory mechanism of the levels of
B-catenin includes the following steps: the destruction
complex [including Axin, APC, GSK-3f and casein kinase-
1 (CK1)]-mediated-phosphorylation, the E3 ligase -TrCP-
mediated-ubiquitination and the subsequent degradation
[12]. Mutations in the components of the p-catenin
destruction complex lead to cancer development [12—17].
In unstimulated cells, the f-catenin destruction complex
phosphorylates cytoplasmic p-catenin [8, 18], which in turn
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Fig. 2 USP20 stabilizes p-catenin. a USP20 shRNAs reduce p-catenin
protein level. HEK293T cells were transduced with lentivirus carrying
control (Ctrl) or USP20 shRNAs. Half of the cells were lysed and
western blot was carried out with the indicated antibodies. b The
mRNAs were extracted from the rest of the cells from (a) and sub-
jected to qRT-PCR. The data shown are mean+s.d. of three inde-
pendent experiments. ¢ HEK293T cells stably expressing control (Ctrl)
or USP20 shRNA were treated with vehicle or MGI132. d
HEK293T cells stably expressing control (Ctrl) or USP20 shRNAs
were transduced with retroviruses carrying the indicated constructs.
The cells were lysed and western blot was performed with the indi-
cated antibodies. e, f HEK293T cells stably expressing control (Ctrl) or

mediates P-TrCP-dependent poly-ubiquitination and pro-
teasome dependent degradation of f-catenin [19-22].
When Wnt signal is activated, the destruction complex is
destabilized, which induces f-catenin stabilization and
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Time following CHX treatment (hrs)

USP20 shRNAs were treated with CHX (0.1 mg/ml), and collected at
the indicated times. Cells were lysed and cell lysates were then blotted
with the indicated antibodies. f Quantification of the p-catenin protein
levels relative to f-actin. Error bars represent the SEM of three inde-
pendent experiments. g, h HEK293T cells stably expressing vector or
wild-type HA-USP20 were treated with CHX (0.1 mg/ml), and col-
lected at the indicated time points. Cells were lysed and cell lysates
were then blotted with the indicated antibodies. h Quantification of the
B-catenin protein levels relative to B-actin. Error bars represent the
SEM of three independent experiments. WT wild type, CA catalyti-
cally inactive mutant

translocation into the nucleus [22-25]. Furthermore, the
nuclear p-catenin binds to lymphoid enhancer binding factor
(LEF) and T-cell factor (TCF) and activates the transcrip-
tion of its target genes, which in turn regulate cell
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Fig. 3 USP20 deubiquitinates p-
catenin in vivo and in vitro. a
HEK293T cells stably
expressing control (Ctrl) or
USP20 shRNAs were
transfected with the indicated
constructs. After 48 h, cells were
treated with MG132 for 6 h
before collecting. IP with Flag-
tagged beads was performed. b
HEK293T cells stably
expressing control (Ctrl) or
USP20 shRNAs were
transfected with indicated
constructs. After 48 h, cells were
treated with MG132 for 6 h
before collecting and Ni-NTA
beads were used to pull down
His-tagged ubiquitin. Blots were
probed with the indicated
antibodies. ¢ HEK293T cells
stably expressing wild-type
USP20 (WT) or the catalytically
inactive mutant (USP20CA)
were transfected with indicated
constructs. After 48 h, cells were C
treated with MG132 for 6 h
before collecting. IP was
performed with Flag-tagged
beads. d Deubiquitination of p-
catenin in vitro by USP20.
Ubiquitinated p-catenin was
incubated with purified
USP20WT or USP20CA

in vitro, and then blotted with
the indicated antibodies
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proliferation, migration and invasion [6, 26, 27]. p-catenin
can also be ubiquitinated and degraded in a B-TrCP-
dependent manner [19, 20, 28-30]. On the other hand,
previous studies showed that the deubiquitinase USP47
deubiquitinates -catenin and stabilizes B-catenin [31]. The
deubiquitination process which regulates p-catenin stabili-
zation in cancer is still not clear.

Here we report that a deubiquitination enzyme, USP20,
regulates human cancer cell proliferation, migration, inva-
sion, and response to therapeutic drugs through the p-
catenin pathway. Mechanistically, USP20 deubiquitinates
and stabilizes p-catenin. In addition, USP20 regulates
human cancer cell proliferation, tumorigenesis, and che-
moresistance in a p-catenin-dependent manner. Further-
more, USP20 overexpression is observed in colon cancers,
which is correlated with the high expression of B-catenin in
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these samples, suggesting that the USP20-B-catenin axis
may play a key role in the pathogenesis of human cancers.

Results
USP20 is a B-catenin binding protein

B-catenin is a major mediator of canonical Wnt signaling
pathway which plays a pivotal role in tissue homeostasis,
development and cancer [1, 8, 32]. Previous studies have
shown that the E3 sligase B-TrCP mediates poly-
ubiquitination of P-catenin and the following proteasome
dependent degradation [3, 19-21]. In order to identify the
deubiquitinase of P-catenin, we overexpressed a panel of
HA-tagged deubiquitinases in HEK293T cells individually
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and performed co-immunoprecipitation (co-IP) assay to
identify potential DUB(s) that interact with p-catenin.
Among the proteins in our screening panel, only HA-tagged
USP20 interacted with p-catenin (Supplementary Figure
S1A). Furthermore, exogenously expressed f-catenin pulled
down USP20 in HEK293T cells (Fig. 1a). In addition, we
detected endogenous binding between USP20 and B-catenin
by co-IP assay (Fig. 1b, c). These results confirm the
interaction between USP20 and p-catenin in cells

Next, we sought to confirm the binding region(s)
between USP20 and f-catenin. A series of USP20 and f-
catenin deletion mutants were utilized to perform co-IP
assays in HEK293T cells. As shown in Fig. ld-g and
Supplementary Figure S2A, the enzymatic domain (UCH
domain) of USP20 and the N-terminus (1-97 amino acids)
of B-catenin are required for the interaction between USP20
and p-catenin.

USP20 stabilizes B-catenin

Since USP20 is a deubiquitinase, we next explored whether
USP20 regulates f-catenin protein level. As shown in
Fig. 2a, b depletion of endogenous USP20 by two different
USP20-specific short hairpin RNAs (shRNA) markedly
decreased protein level but not the p-catenin mRNA level,
suggesting that USP20 regulates p-catenin in a post-
transcriptional manner. However, p-catenin did not affect
the level of USP20 (Supplementary Figure S2B). In addi-
tion, the decrease in f-catenin level in USP20-depleted cells
could be reversed by treatment with the proteasome inhi-
bitor MG132, suggesting that USP20 regulates p-catenin
levels via proteasomal degradation (Fig. 2c). Furthermore,
reintroduction of HA-tagged wild-type USP20 (WT) but not
the HA-tagged USP20 CA mutant (catalytically inactive) in
USP20 knockdown cells restored p-catenin protein levels
(Fig. 2d). These results confirm the specificity of
USP20 shRNAs and support our hypothesis that the deu-
biquitination activity of USP20 is essential for p-catenin
regulation.

To further investigate how USP20 regulates p-catenin
stability, we treated cells with cycloheximide (CHX) and
examined the half-life of $-catenin. Knockdown of USP20
dramatically decreased the half-life of p-catenin protein
(Fig. 2e, f). In addition, overexpression of USP20 drama-
tically increased f-catenin protein stability (Fig. 2g, h).
Taken together, these results demonstrate that
USP20 stabilizes p-catenin in cells.

USP20 deubiquitinates B-catenin in vivo and in vitro
We next confirmed the effect of USP20 on f-catenin ubiqui-

tination. We found that USP20 knockdown in HEK293T cells
dramatically increased the polyubiquitination of p-catenin
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compared to control (Ctrl) cells (Fig. 3a). Purification of
ubiquitinated proteins under denaturing conditions followed
by immunoblot analysis of p-catenin further demonstrated
increased polyubiquitination of endogenous [-catenin in
USP20 knockdown cells (Fig. 3b). On the other hand, over-
expression of HA-tagged USP20 wild-type (WT) but not the
USP20 CA mutant resulted in a decrease in polyubiquitination
of p-catenin (Fig. 3c). To further investigate whether USP20
directly deubiquitinates p-catenin, in vitro deubiquitination
assays were carried out. FLAG-f-catenin and His-ubiquitin
(Ub) were overexpressed in HEK293T cells and ubiquitinated
p-catenin was purified under denaturing conditions. Recom-
binant USP20 WT, but not the USP20 CA mutant, deubi-
quitinated P-catenin in vitro (Fig. 3d). Overall, these data
establish that USP20 is a bona fide DUB targeting [-catenin
protein for deubiquitination.

Recent studies suggested that B-catenin is also ubiquiti-
nated in an APC- and GSK3f-f-TrCP-independent manner.
For example, TRIM33 ubiquitinated B-catenin and induced
its degradation in a GSK-3f or B-TrCP-independent manner
[33]. Another E3 ligase, Mule directly ubiquitinated non
phosphorylated f-catenin in vitro [34]. Furthermore,
depletion of Mule upregulated p-catenin level in HCT116
cell (B-catenin phosphorylation mutant in one allele) and
APC™™ intestinal organoids [34]. We next tested whether
USP20 has an effect on B-catenin ubiquitination in an APC-
and GSK3B-p-TrCP-independent manner. As shown in
Supplementary Figure S3A-B, knockdown of USP20 in
HCT116 and Colo205 (APC mutant) cells both dramatically
increased the polyubiquitination of B-catenin. On the other
hand, overexpression of USP20 WT, but not the USP20 CA
mutant, in HCT116 cells resulted in a decrease in poly-
ubiquitination of f-catenin (Supplementary Figure S3C).
These data suggest that USP20 deubiquitinates f3-catenin in
both APC-B-catenin wild type (HEK293T) and mutant
(HCT116, colo 205) backgrounds.

In addition, previous studies showed that USP47 deubi-
quitinates P-catenin [31]. USP47 regulates Wnt signaling,
which is bypassed by overexpressing phosphorylation
mutant of P-catenin, suggesting USP47 cuts off the ubi-
quitin chain from f-catenin, which is generated by APC-
GSK3p-B-TrCP-mediated  phosphorylation-ubiquitination
cascade [31]. We found that USP20 deubiquitinates f-
catenin in both APC-GSK3p-p-TrCP-dependent and -inde-
pendent manner. To confirm whether there are specific
contexts for USP47 vs. USP20 regulation of (-catenin,
HEK293T (APC WT) and Colo205(APC mutant) cells
stably expressing control (Ctrl), USP47 shRNA,
USP20 shRNA or a combination of USP20 and
USP47 shRNAs were generated. As shown in Supplemen-
tary Figure 4A, depletion of USP20 or USP47 in
HEK293T cells increased the polyubiquitination of f-
catenin. However, the combination knockdown of USP20

SPRINGER NATURE
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Fig. 4 USP20 regulates cancer cell proliferation and tumor growth
through p-catenin. a Cell lysates from several cancer and normal cell
lines were blotted with USP20 and f-catenin antibodies. b A549 cells
stably expressing the indicated shRNAs were lysed and cell lysates
were then blotted with the indicated antibodies. ¢ A549 cells stably
expressing USP20 shRNAs and fB-catenin were lysed and cell lysates
were blotted with the indicated antibodies. d—f Cells from (b) were
measured for (d) cell proliferation, (e) colony formation assay, and (f)
anchorage-independent growth in soft agar. g HCT116 cells stably
expressing the indicated shRNAs were lysed and cell lysates were then
blotted with the indicated antibodies. h Cells from (g) were measured
for (h) anchorage-independent growth in soft agar. i Ovcar8 cells
stably expressing control (Ctrl) or p-catenin shRNAs were stably
infected with retrovirus encoding HA-USP20 (wild type: WT). Cells
were lysed and cell lysates were blotted with the indicated antibodies. j
Cells from (i) were measured for (j) cell proliferation. k Representative
images of mice bearing tumors from cancer cells stably expressing the
indicated shRNAs. 3 x 10° cells were subcutaneously injected into
nude mice (k). k-m Tumor volumes were measured at indicated days
(1). Mice were sacrificed after 20 days. Tumor weights were measured
as shown in (m). Error bar mean + s.d., n = 8 nude mice (Ctrl-shRNA
and USP20 shRNA-1) or n =7 nude mice (B-catenin shRNA and
USP20 shRNA-1 + B-catenin shRNA) per group; (n) Immunoblot of
tissue lysates from mice in (I). Scale bars in images: 200um. n.s.: no
significance, **P <0.01, ***P <(0.001, Student’s ¢ test

USP20 regulates cancer cell proliferation and tumor
growth in a B-catenin-dependent manner

Previous studies showed that Wnt-f-catenin pathway reg-
ulates tumorigenesis and cancer metastasis [35, 36]. -
catenin has been reported to be overexpressed in multiple
cancers, including malignant breast cancer, colon cancer,
hepatocellular cancer, lung cancer, endometrial cancer and
ovarian cancer [37]. To study the role of USP20-f-catenin
signaling in cancer, we first examined the protein and
mRNA levels of USP20 and f-catenin in multiple cancer
and normal cell lines (Fig. 4a, Supplementary Figure S5A).
We found that USP20 and p-catenin are overexpressed and
correlated in most of the cancer cell lines we studied
(Fig. 4a, Supplementary Figure S5A).

We next examined whether USP20 regulates f-catenin
signaling in cancer cells by examining the protein levels of f3-
catenin target genes, TCF1/TCF7 and MMP-7. Indeed,
depletion of USP20 in A549 cells, with high endogenous
level of USP20, significantly decreased the protein levels of
B-catenin and its target gene TCF1/TCF7 and MMP-7
(Fig. 4b). In addition, depletion of USP20 in f-catenin
knockdown A549 cells did not further decrease the levels of
TCF1/TCF7 and MMP-7(Fig. 4b and Supplementary Fig-
ure S5B), suggesting USP20 acts through p-catenin. We
observed similar results in other cancer cell lines such as
U208, Ovcar7 and Colo 205 (Supplementary Figure SSC-E).
On the other hand, overexpression of P-catenin completely
rescued the protein levels of TCF1/TCF7 and MMP-7 in
USP20-depleted A549 cells (Fig. 4c). Overall, these findings
demonstrate that USP20 regulates -catenin pathway.
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Previous publications have identified p-catenin as an
oncogene [38—40]. We next hypothesized that USP20 may
promote tumorigenesis through the p-catenin pathway.
Downregulation of USP20 or p-catenin in A549 cells
markedly decreased cancer cell proliferation, while USP20
knockdown had no further effect on proliferation in A549
cells depleted of p-catenin (Fig. 4d), suggesting an epistatic
relationship. A similar effect was observed in colony for-
mation assays (Fig. 4e) and soft agar assays (Fig. 4f).
Notably, restoring P-catenin expression fully reversed the
tumor-suppressing effect of USP20 shRNAs in A549 cells
(Supplementary Figure SS5F, G). We observed a similar
phenomenon in another cancer cell line, HCT116 (Fig. 4g,
h). In addition, depletion of USP20 in human mammary
epithelial cell line MCF-10A and fibroblast cell line IMR-90
decreased P-catenin level and downregulated cell pro-
liferation (Supplementary Figure S6A-B). Overexpressing
USP20 in Ovcar8, a cell line with lower endogenous USP20
level, markedly increased cancer cell proliferation (Fig. 4i, j)
and colony formation (Supplementary Figure S6C), while
overexpression of USP20 had no apparent effect on cancer
cells depleted of p-catenin (Fig. 4j and Supplementary
Figure S6C). Overall, we conclude that USP20 promotes
cancer cell growth through p-catenin in multiple cell
systems.

To gain more insight into the biological function of
USP20 in cancer cells in vivo, nude mice were sub-
cutaneously implanted with cancer cells stably expressing
control (Ctrl), USP20, p-catenin, or a combination of
USP20 and p-catenin shRNAs. Tumor growth was mon-
itored for 3 weeks. As shown in Fig. 4k-m, depletion of
USP20 significantly inhibited tumor growth in vivo. How-
ever, compared with knockdown of $-catenin, the combined
knockdown of USP20 and f-catenin did not further sup-
press tumor growth (Fig. 4k-m, Supplementary Fig-
ure S6D). Immunoblot of tissue lysates from these tumors
showed that depletion of USP20 significantly decreased the
protein levels of B-catenin (Fig. 4n). Therefore, our results
suggest that loss of USP20 suppresses tumorigenesis in a -
catenin signaling pathway-dependent manner.

Previous studies showed that f-catenin upregulates
angiogenesis through transcriptionally activating VEGEF,
interleukin-8 and other factors [41-43]. We next tested
whether USP20 regulates angiogenesis in a [-catenin-
dependent manner. We examined the protein expression
and immunohistochemical (IHC) staining of angiogenesis
marker CD31 in tumors obtained from in vivo tumorigenesis
experiments (Supplementary Figure S6D). As shown in
Supplementary Figure S6E-G, depletion of USP20 markedly
decreased CD31 protein level and its immunohistochemical
staining in control but not in p-catenin knockdown tumors.
Collectively, these results suggest that USP20 may regulate
B-catenin mediated vascular endothelial cell growth.
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Fig. 5 USP20 regulates cancer cell migration and invasion through p-
catenin. a, b A549 cells from (Fig. 4b) were measured for (a) wound
healing and (b) invasion. ¢ MDA-MB-231 cells stably expressing
control (Ctrl) or USP20 shRNAs were stably infected with lentiviruses
encoding f-catenin. Cells were lysed and cell lysates were blotted with
the indicated antibodies. d Cells from (c¢) were measured for (d) wound
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healing. e MDA-MB-231 cells stably expressing the indicated shRNAs
were lysed and cell lysates were then blotted with the indicated anti-
bodies. f Cells from (e) were measured for (f) invasion. Scale bars in
images: 10pum, **P<0.01;***P<0.001, Student’s ¢ test. n.s. no
significance
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USP20 regulates migration and invasion of cancer
cells through B-catenin

Considering that MMP-7, the major downstream effector of
[-catenin/TCF pathway, is regulated by USP20 and has been
shown to enhance tumor cell migration and invasion [44,
45], we hypothesized that USP20 is critical for invasion and
migration of cancer cells and that this process is dependent
on P-catenin. Indeed, A549 cells with USP20 or p-catenin
depletion showed markedly inhibited the migration and
invasion when compared to control (Ctrl) cells (Fig. 5a, b).
No further inhibition in migration or invasion was observed
with co-depletion of USP20 and B-catenin (Fig. Sa, b).
Similar effects were observed in the breast cancer cell line,
MDA-MB-231 (Fig. 5c—f). Furthermore, overexpression of
f-catenin in USP20-depleted MDA-MB-231 cells efficiently
rescued cell migration (Fig. 5d). Taken together, these
results suggest that USP20 regulates cancer cell migration
and invasion by modulating the stability of -catenin.

USP20 regulates response of cancer cells to
chemotherapy through B-catenin stabilization

It is also known that the canonical Wnt-f-catenin pathway
plays an important role in chemoresistance [46, 47]. Thus,
we next examined whether USP20 also affects cancer
response to chemotherapy. We overexpressed USP20 in
Ovcar8 cancer cells (a cell line with lower expression of
USP20) (Fig. 6a). The cells were subsequently treated with
antitumor drugs (cisplatin and etoposide). As shown in
Fig. 6b, c, overexpression of USP20 in Ovcar8 cells con-
ferred resistance to cisplatin and etoposide. However, the
USP20 overexpression mediated chemoresistance was
abrogated in P-catenin knockdown cells (Fig. 6b, c). Con-
versely, we depleted USP20 with shRNA in A549 and
MDA-MB-231 cells and tested the chemo-response with
cisplatin and etoposide (Fig. 6d—i). As shown in Fig. 6e, f,
h, i, downregulation of USP20 sensitized cells to cisplatin
(Fig. 6e, h) and etoposide (Fig. 6f, i). Notably, restoring p-
catenin expression in USP20-depleted cells reversed the
chemo-sensitivity (Fig. 6e, f, h, i). Taken together, these
findings support an important role of USP20 in regulating
the response of cancer cells to chemotherapy through (-
catenin stabilization.

USP20 expression correlates with B-catenin levels in
clinical colon cancer samples

Prior studies showed that p-catenin is upregulated in col-
orectal cancer (CRC) [48-51]. However, the underlying
molecular mechanism remains unknown. To determine the
clinical relevance of USP20-B-catenin signaling in color-
ectal cancer, we performed immunohistochemical staining
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of B-catenin and USP20 in CRC tissue microarrays. As
shown in Fig. 7a, b, upregulation of USP20 was detected in
84.58% (170 of 202) of CRC samples, while 72.88% (43 of
59) of adjusted normal colorectal tissues showed low
expression of USP20, suggesting increased expression of
USP20 in human CRC. In addition, the B-catenin expression
is also upregulated in CRC (Fig. 7c¢). Moreover, a positive
correlation between f-catenin and USP20 protein levels (P
<0.0001, R=0.6892) was observed in these colorectal
carcinomas (Fig. 7d). Collectively, these results suggest that
upregulation of USP20 correlates with increased expression
of B-catenin in CRC.

In summary, we demonstrate 3-catenin as a new target of
USP20. We found that USP20 deubiquitinates and stabi-
lizes B-catenin in cells, which in turn promotes cancer cell
growth, invasion and chemoresistance. Furthermore, USP20
and P-catenin are co-overexpressed in multiple cancer cell
lines and colorectal cancer patient samples, suggesting a
potential prognostic role of USP20 in cancer.

Discussion

The canonical Wnt/B-catenin signaling pathway regulates
multiple biological processes and the dysregulation of this
signaling pathway is related to various pathologies such as
congenital disorders, tumorigenesis and degenerative dis-
eases [8, 22, 52-57].The key effector protein in this path-
way is the transcriptional activator p-catenin which is a
subunit of the cadherin protein complex and functions as a
signal transducer in the Wnt signaling pathway [58-60].
One of the major mechanisms of regulation of p-catenin is
ubiquitination. The well-accepted mechanism is that f-
catenin interacts with APC complex and gets phosphory-
lated by GSK3p, which triggers p-TrCP-mediated ubiqui-
tination of f-catenin. Recently, several other studies
indicated that other E3 ligases mediate p-catenin ubiquiti-
nation in phosphorylation-dependent and -independent
manner. For example, TRIM33 ubiquitinated f-catenin and
induced its degradation in a GSK-3p- or pB-TrCP-
independent manner [33]. Mule directly ubiquitinated non
phosphorylated f-catenin in vitro [34]. Jade-1, another E3
ubiquitin ligase, ubiquitinated both phosphorylated and
non-phosphorylated -catenin and regulated canonical Wnt
signaling in both Wnt-off and Wnt-on phases [21]. In
addition, two other E3 ligases, Siah-1 and c-Cbl, have also
been reported to target p-catenin for degradation [61-63].
All these studies suggest P-catenin is ubiquitinated and
degraded through multiple mechanisms.

In addition to ubiquitination, deubiquitination is also
involved in Wnt/B-catenin signaling pathway. For example,
USP4 interacts with and deubiquitinates one of the Wnt
signaling components, TCF4, thereby inhibiting (-catenin-
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Fig. 6 USP20 regulates response of cancer cells to chemotherapy
through f-catenin stabilization. a Ovcar8 cells stably expressing con-
trol (Ctrl) or p-catenin shRNAs were stably infected with retrovirus
encoding HA-USP20 (WT). Cells were lysed and cell lysates were
blotted with the indicated antibodies. b, ¢ Cells from (a) were treated
with (b) cisplatin or (c) etoposide. Cell survival was determined. d
A549 cells stably expressing control (Ctrl) or USP20 shRNAs were
stably infected with lentiviruses encoding f-catenin. Cells were lysed

dependent transcription [64]. Another DUB, USP9X interacts
with the complex of E-cadherin and p-catenin and regulates the
trafficking of E-cadherin and p-catenin in epithelia [65].
Recently, another DUB, USP47 was shown to deubiquitinate
and stabilize fB-catenin directly [31]. USP47 regulates Wnt
signaling, which is bypassed by overexpressing phosphoryla-
tion mutant of f-catenin, suggesting USP47 cleaves the
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and cell lysates were blotted with the indicated antibodies. e, f Cells
from (d) were treated with (e) cisplatin or (f) etoposide. Cell survival
was determined. g MDA-MB-231 cells stably expressing Control
(Ctrl) or USP20 shRNAs were stably infected with lentiviruses
encoding P-catenin. Cells were lysed and cell lysates were blotted with
the indicated antibodies. h, i Cells from (g) were treated with (h)
cisplatin or (i) etoposide. Cell survival was determined. The data
presented are mean + SD (nv=6)

ubiquitin chain from p-catenin that is generated by APC-
GSK3p-p-TrCP-mediated phosphorylation-ubiquitination cas-
cade [31]. Here we identified another deubiquitinase, USP20,
which directly deubiquitinated and stabilized f-catenin in both
APC-GSK3p-p-TrCP-dependent and -independent manner.
USP20, a DUB, has been reported to regulate a wide
variety of cellular events by mediating the deubiquitination of
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Fig. 7 USP20 expression A

correlates with pB-catenin levels
in clinical colon cancer samples.
a Representative images of
immunohistochemical staining
of USP20 and B-catenin in
normal and colon carcinoma.
Scale bars, 100 um. b, ¢
Quantification of USP20 (b) and
fB-catenin (c) protein levels in
normal and colon carcinoma. d
Correlation study of USP20 and
f-catenin in colon carcinoma.
Statistical analyses were
performed with the j? fest. R:

colorectal &
carcinoma

The Pearson correlation Normal
coefficient
B
USP20-Low USP20-High Total
Normal 43 16 59
Carcinoma 32 170 202
P<0.0001
C
B-catenin-Low B-catenin-High Total
Normal 45 14 59
Carcinoma 28 174 202
P<0.0001
D
USP20-Low USP20-High Total
B-catenin-Low 22 6 28
B-catenin-High 10 164 174
P<0.0001 R=0.6892

various target proteins, such as sting/mita, type 2 iodothyr-
onine deiodinase, HIFla, [, adrenergic receptor (f,AR),
TRAF6, and Claspin [66—71]. Previously, our lab and others
have reported that USP20 regulates ATR-mediated DNA
damage response by stabilizing Claspin [70, 71]. USP20 also
deubiquitinates HIFla and regulates the hypoxia pathway
[72]. However, the role of USP20 in tumorigenesis and
therapeutic response is still largely unknown.

In our study, by screening a panel of DUBs, we
demonstrate that USP20 interacts with p-catenin. In addi-
tion, USP20 functions as a deubiquitinase and stabilizes [
catenin, which in turn regulates tumorigenesis, cancer
invasion and chemoresistance in a p-catenin-dependent
manner. Since both USP20 and USP47 directly deubiqui-
tinate -catenin, we were interested in testing their parallel
roles in P-catenin ubiquitination. Surprisingly, we found
both USP20 and USP47 are able to deubiquitinate B-catenin
in APC WT cells (Supplementary Figure 4A). However,
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only USP20 but not USP47 could deubiquitinate f-catenin
in APC mutant cells (Supplementary Figure 4B). These
results suggested that USP20 deubiquitinates p-catenin in
both APC-GSK3p-p-TrCP-dependent and -independent
manner, while USP47 deubiquitinates p-catenin in APC-
GSK3B-B-TrCP-dependent manner. One of the potential
mechanisms is that USP47 may require some cofactors
(such as the component of APC complex) to interact with
and deubiquitinate p-catenin. Further investigation is war-
ranted to examine the specific conditions for USP47 and
USP20 regulation of p-catenin.

Our previous study identified the role of USP20 in UV
mediated DNA damage response [70]. We found that UV
damage triggers USP20 phosphorylation and stabilization,
which in turn activates cell cycle checkpoint by targeting
Claspin-Chk1 signaling [70]. Here, the new finding of
USP20-B-catenin axis raises the possibility of connecting
DNA damage response with pB-catenin signaling. A previous

SPRINGER NATURE



1866

C. Wu et al.

study reported that one of the causes of skin carcinogenesis,
UVB radiation, induces f-catenin accumulation in cells
[73]. Tt is possible that the ATR-USP20 axis is responsible
for P-catenin accumulation following UV damage. This
needs to be further investigated in the future.

Overall, our results establish the novel oncogenic role of
USP20 in multiple cancers. We reveal USP20 as a positive
regulator of B-catenin in cancer cell migration, invasion and
tumor growth in vivo. Mechanistically, USP20 deubiquiti-
nates and stabilizes f-catenin and is a potential biomarker
for predicting chemoresistance in cancer.

Experimental procedures
Cell lines, constructs and antibodies

We purchased HEK293T, GP293, HeLa, A549, U20S,
Ovcar7, Ovcar§, MDA-MB-231, MCF-7,HCT116,HCTS,
Colo 205, HT 29, IMR-90 and MCF-10A cell lines from
ATCC. The medical genome facility (MGF) of Mayo Clinic
in Rochester, Minnesota confirmed the identities of all the
cell lines. Wild-type-HA-tagged-USP20 (plasmid #22573,
Addgene) was generated by Dr. Wade Harper (Harvard
University) and its mutant (USP20C154A) was generated
by site-directed mutagenesis according to standard protocol.
Flag-p-catenin was purchased from Addgene (Plas-
mid#16828). Wild-type (WT) and deletion mutants of Flag-
tagged p-catenin were provided by Dr. Bingyu Mao.

Antibodies were purchased from the following compa-
nies: Anti-USP20 antibody from Proteintech (17491-1-AP),
anti-p-catenin antibody from Abcam (ab16051), anti-TCF1/
TCF7 (#2203 T) and anti-MMP-7#3801 T) from CST (Cell
Signaling Technology, Inc), anti-Flag (m2), anti-HA
(H3663) and anti-f-actin (A1978) antibodies from Sigma,
anti-Ubiquitin (sc-8017) and anti-His (sc-8036) antibodies
from Santa Cruz Biotechnology,Anti-USP47 antibody from
GeneTex (GTX106253) and anti-CD31 antibody from
Abcam (ab28364).

Gene knockdown

The following shRNAs from Sigma were used in this study:
USP20 shRNA-1: 5-CGACACCTTCATCAAGTTGAA
-3’, USP20 shRNA-2: GCGACCATCATCAGGATCAAA,
B-catenin shRNA: 5'-GCTTGGAATGAGACTGCTGAT
-3’. USP47 shRNA: 5-GCGCAATACATGCAAGA
TAAA-3'.

Virus infection
Lentivirus and retrovirus for infection of cancer cells
were packaged in HEK293T and GP293 cells, respectively

using Mirus (Trans IT-X2 System) transfection reagent.
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Forty-eight hours after transfection, culture supernatants
were collected and centrifuged at 3000 r.p.m. Supernatants
were used to infect the target cells with 8 ug/mL polybrene
which enhances infection efficiency.

Protein stability assay

For protein turnover analysis in cells, a CHX-based assay
was performed according to our previously described
experimental procedures [74].

Deubiquitination in vivo and in vitro

The in vivo and in vitro deubiquitination assays were car-
ried out as described previously [74, 75]. USP20 WT and
CA mutant and Flag-B-catenin were overexpressed in
HEK?293T cells. After treatment with MG132, the cell were
lysed in the SDS buffer and boiled. Once diluted (1:10
ratio) with NETN buffer containing 1 mM iodoacetamide
and 20mM NEM, the lysates were immunoprecipitated
with the Flag beads for 4h (4 °C). After NETN buffer
washing, the immunocomplexes were subjected to western
blot. For the in vitro assay, we purified His-Ub conjugated
Flag-fB-catenin from HEK293T cells through multiple steps
as described previously [74, 75]. The purified USP20 WT
and CA mutant were incubated with Ub-Flag-p-catenin in
deubiquitination buffer for 30 min (30 °C).

Colony formation assays

Cells were counted using Countess (Invitrogen) and then
plated in 6-well plate (800 cells per well) and cultured for
9-12 days at 37 °C. We washed the visible colonies with
PBS, fixed with methanol for 30 min, stained with 5%
GIEMSA and counted.

Cell proliferation assays

Infected cells (2 x 107 cells/well) were seeded into 96-well
culture plates. Cell proliferation was detected at days 1, 2, 3,
4, 5 and 6 by using tetrazolium compound-based CellTiter
96" AQueous One Solution Cell Proliferation (MTS) assay
(Promega). We added 15 ul MTS reagents to each well and
incubated the cells at 37 °C for 2—4 h. Then, the plates were
read at 490 nm in an EPOCH2 microplate reader (BioTek
instruments).

Cell survival assays
To analyze cell viability, infected cells (2x 10° cells per
well) were treated with etoposide or cisplatin at indicated

concentrations. After incubated with drugs for 48h, the
survival cells were detected by MTS assay (Promega).
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Soft agar assays

The soft agar assays were performed as described pre-
viously [70]. In brief, cancer cell lines stably expressing the
indicated constructs were seeded in 0.35% top agarose and
the bottom layer was 0.7% agar. Complete medium was
added to both the layers. After culturing for 3 weeks, visible
colonies were counted and images acquired using Evos
(Life Technology, x4 objective lens). Illustrator was used to
generate figures.

Cell migration assays

Cell migration assay was assessed using a wound-healing
assay as described previously [75]. Briefly, cancer cell lines
stably expressing the indicated constructs were plated in 6-
well plates,and maintained in RPMI1640/DMEM without
FBS and treated 10 pg/mL Mytomycin C overnight. The
wound closure was measured by calculating the migration
rate of the cells into the wound field.

Transwell assays

Cell invasiveness was assessed by transwell assay as
described previously [75]. In brief, cancer cell lines stably
expressing the indicated constructs were placed on top
chambers (2 x 10* cells) with no fetal bovine serum (FBS),
but the lower chamber was filled with complete medium.
24 h later, cotton swabs were used to remove the cells
remaining in the upper chamber, fixed and stained with
0.1% crystal violet. Cells were counted and images captured
at room temperature using Evos (Life Technology, x4
objective lens). Illustrator was used to generate figures.

Tumor growth in nude mice

Cancer cells stably expressing control (Ctrl), USP20, f-
catenin or USP20 combined with B-catenin shRNAs were
injected subcutaneously into the 5 weeks old female athy-
mic nude NCr nu/nu mice (NCI/NIH). Every mouse
received two injections containing 100 ul mixture (3 x 10°
cells in 70 ul of 1 xPBS and 30pul of Matrigel). Tumor
growth curve was measured for 3 weeks and the volume of
tumor was calculated as Wx Lx H x 1/2. At the end of the
study, we surgically removed the tumors, weighed and
processed.

Patient samples analysis
We purchased the tissue microarray of colon cancer samples
from US Biomax (T056, C0487, C0208, C0702b,

BC05002). Immunohistochemical (IHC) staining of USP20
(dilution 1:20) and B-catenin (dilution 1:50) was performed
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according to the standard protocol, as described previously
[74]. The immunostaining was blindly scored by patholo-
gists. The THC score was judged as described in our pre-
vious publication [74]. 4 test and the Pearson correlation
coefficient were used for statistical analysis of the correla-
tion between USP20 and B-catenin.

Statistics

All the data are presented as mean + SEM and are based on
experiments performed at least in triplicate for cell pro-
liferation, migration, invasion and soft agar assays. The data
are presented as the mean +SD (n=6) for cell viability
assays. For the nude mice animal study, the data are pre-
sented as the mean = SEM of 7 or 8 mice. Statistical ana-
lyses were performed with the 4 test or the Student’s 7 fest
(two-tailed unpaired). In the figures, statistical significance
is presented by: n.s. no significance,*p <0.05; **p <0.01,
*#%p < 0.001.
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