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The deubiquitinating enzyme UCHL3 promotes anaplastic
thyroid cancer progression and metastasis through Hippo

signaling pathway
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Yes-associated protein (YAP) is one of major key effectors of the Hippo pathway and the mechanism supporting abnormal YAP
expression in Anaplastic thyroid carcinoma (ATC) remains to be characterized. Here, we identified ubiquitin carboxyl terminal
hydrolase L3 (UCHL3) as a bona fide deubiquitylase of YAP in ATC. UCHL3 stabilized YAP in a deubiquitylation activity-dependent
manner. UCHL3 depletion significantly decreased ATC progression, stem-like and metastasis, and increased cell sensitivity to
chemotherapy. Depletion of UCHL3 decreased the YAP protein level and the expression of YAP/TEAD target genes in ATC. UCHL3
promoter analysis revealed that TEAD4, through which YAP bind to DNA, activated UCHL3 transcription by binding to the promoter
of UCHL3. In general, our results demonstrated that UCHL3 plays a pivotal role in stabilizing YAP, which in turn facilitates
tumorigenesis in ATC, suggesting that UCHL3 may prove to be a potential target for the treatment of ATC.
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INTRODUCTION

Anaplastic thyroid carcinoma, also known as undifferentiated
carcinoma, continues to rank as one of the deadliest diseases
worldwide and carries a very poor prognosis [1-3]. ATC is a rare
but extremely aggressive type of thyroid cancer derived from
follicular cells of the thyroid gland [4, 5]. Although ATC accounts
for only 2-5% of all thyroid tumors, it is responsible for 33-50% of
all thyroid cancer-related deaths [6, 7]. Currently, there exists no
effective or standard therapy to cure or prolong the survival of
ATC patients due to its inherent resistance to both radioactive
iodine and conventional chemotherapy [5, 8]. Thus, it is important
to understand the underlying mechanisms during the initiation
and progression of ATC.

The Hippo tumor suppressor pathway is highly conserved in
mammals which was originally known to restrict organ size [9].
Accumulating studies have also demonstrated that the Hippo
pathway plays a prominent role in regulating tumorigenesis [10].
Yes-associated protein (YAP) is one of major key effectors of the
Hippo pathway. As transcriptional co-activators, YAP mediates
the biological functions of the Hippo pathway by regulating gene
transcription [11]. Dysregulation of YAP has been observed in
many types of cancers, including breast, colon, liver, lung, ovary,

and others [12, 13]. High YAP activity promotes cell proliferation,
survival, migration, and invasion. Its activation is important for cell
to escape contact inhibition and anoikis and to support
anchorage-independent growth [14]. In addition, the activity of
YAP is associated with chemoresistance of cancer. Breast cancer
cells with high YAP activity demonstrated resistance to drugs such
as doxorubicin, 5-fluorouracil, and taxol [15].

The activity of YAP is mainly regulated by the MST1/2-Lats1/2
kinase cascade by directly phosphorylating YAP on multiple sites,
resulting in interaction with 14-3-3 protein and cytoplasmic
retention [16, 17]. Besides the mechanisms regulating its
phosphorylation and localization, YAP can be controlled by other
post-translational modifications such as ubiquitination. For
instance, Fbxw7 and PARK2 regulates YAP protein stability by
targeting YAP for ubiquitination and proteasomal degradation
[18, 19]; SHARPIN and RNF187 promotes YAP degradation via
inducing YAP K48-dependent polyubiquitination [20, 21]. Deubi-
quitinating enzymes (DUB) are also involved in regulation of YAP
in human cancers. USP9X, USP47 and USP10 were reported as
potent YAP/TAZ-activating DUBs, which directly interact with and
stabilizes YAP/TAZ by reverting their proteolytic ubiquitination
[22-24]. However, the DUB responsible for YAP deubiquitination
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and stabilization in ATC is largely unknown. DUBs modulate
protein fate in a specific or selective manner. Targeting DUBs can
modulate the signaling status of the cell by modifying specific
“Key Aspects” of the pathological pathways. DUBs that target
oncogenic proteins may be targeted by compounds to inhibit
their activity. Development and design of an enzyme selective/
specific inhibitor is easier than designing and developing an
enzyme activator (due to competitive inhibition and modeling of
substrates) [25]. Development of DUB selective/specific inhibitors
is emerging as attractive targets for cancer treatment. Therefore,
we concentrated our focus on DUBs involved in YAP activation.

In the present study, we first screened a DUB siRNA library and
identified UCHL3 as a potent deubiquitinase responsible for YAP
deubiquitination and stabilization in ATC. We found that UCHL3
promoted cancer progression, stem-like and metastasis in
response to chemotherapy drugs treatment through YAP. Overall,
our study demonstrated that UCHL3 was a novel deubiquitinating
enzyme of YAP, suggesting that it may prove to be a potential
target for the treatment of ATC.

RESULTS

UCHLS3 stabilizes YAP through the deubiquitylation activity
We previously reported that YAP promotes the proliferation of
ATC cells [26]. To further dissection of the YAP pathway in ATC, we
performed RNA sequencing to further approach the function of
YAP in ATC (Fig. S1A). Gene ontology analysis indicated that
down-regulated genes induced by YAP knockdown were sig-
nificantly enriched in cell adhesion and mitosis, while the
upregulated genes were enriched in trans—synaptic signaling
and type | interferon signaling (Fig. S1B, C). GSVA analysis revealed
that YAP is associated with thyroid cancer, cell cycle and
metabolism of tumor (Fig. S1D). We then utilized a siRNA screen
library to identify the deubiquitinating enzymes responsible for
YAP deubiquitylation and stabilization in ATC. Four non-
overlapping siRNA mixtures specific for each of the DUBs were
transfected into CAL-62 cells. It was found that silencing UCHL3
markedly decreased YAP (Fig. 1A). We tested the expression of
UCHL3 in 10 thyroid cancer cell lines (TPC-1, B-cpap, IHH4, FTC133,
TT, CAL-62, 8505¢c, KHM-5M, 8305¢, BHT-101) and immortalized
normal thyroid epithelial cell line (Nthy-ori3-1), we observed an
upregulation tendency of UCHL3 in ATC cell lines, especially in
CAL-62 and KHM-5M cells (Fig. S2A). Then we depleted UCHL3
with two non-overlapping siRNAs separately in CAL-62 and KHM-
5M cells to further validate the function of UCHL3 in regulating
YAP protein level (Fig. 1B). Consistently, ectopic expression of
UCHL3 profoundly upregulated YAP in a dose-dependent manner.
While the catalytically inactive mutant C95A (UCHL3“**) lost its
ability to upregulate YAP, suggesting that UCHL3 regulated YAP in
a DUB activity-dependent manner (Fig. 1C). RT-PCR analysis
indicated that UCHL3 did not change the mRNA abundance of
YAP (Fig. 1D). We examined the expression of YAP target genes
(CTGF, CYR61 and ANKRD1) and found that depletion of UCHL3
decreased the transcripts of CTGF, CYR61 and ANKRD1 (Fig. S2B,
Q). In addition, we measured YAP/TEAD-luciferase reporter gene
activity by UCHL3 depletion to determine whether UCHL3
depletion affected the YAP transcriptional activity. Our results
showed that UCHL3 depletion decreased the YAP/TEAD-luciferase
reporter gene activity in CAL-62 cells (Fig. 1E). TAZ is a YAP
homology with overlapping function, we then examined whether
UCHL3 could affect TAZ expression and ubiquitination. It is found
that the expression and ubiquitination of TAZ were not affected
by UCHL3 (Fig. S3A). We detected the possibility that UCHL3 in
deubiquitylating YAP, and found that UCHL3 deletion decreased
the YAP protein level, and this effect could be reversed by
addition of the proteasome inhibitor MG132 or overexpression of
UCHL3-WT, but not its catalytically inactive mutant UCHL3%**
(Fig. 1F, G). We then treated cells with the protein synthesis

SPRINGER NATURE

inhibitor cycloheximide to determine whether UCHL3 could affect
YAP stability. It was found that the stability of YAP was decreased
in cells depleted of UCHL3 (Fig. 1H). In cells overexpressing
UCHL3-WT, but not UCHL3“%*A, the half-life of YAP was prolonged
(Fig. 11). IHC analysis of two tissue microarrays (TMA) indicated that
UCHL3 and YAP were both upregulated in ATC samples (Fig. S4A,
B). Besides, we observed a positive correlation between UCHL3
and YAP protein levels in human thyroid cancer samples (Fig. 1J).
Taken together, these results indicated that UCHL3 was a
regulator of Hippo signaling pathway by stabilizing YAP.

UCHL3 interacts with YAP

We then performed immunofluorescence assay assess cellular
localization of UCHL3 and YAP. The results of immunostaining
demonstrated that YAP and UCHLS3 colocalized both in the nuclear
and cytosol of ATC cells (Fig. 1K). Our co-immunoprecipitation (Co-
IP) experiment demonstrated that endogenous UCHL3 could
coimmunoprecipitate with endogenous YAP (Fig. 1L). GST-pull-
down assay showed that UCHL3 interacted with YAP in vitro in a
manner that is independent of its DUB activity (Fig. 1M).
Additionally, deletion analysis demonstrated that the C terminal
of UCHL3 physically interacted with the WW domain of YAP
(Fig. TN-P). We further deleted the WW domain of YAP (YAP-
AWW) and detected its stability. It is found that mutation in the
WW domain in YAP de-stabilized the protein and UCHL3 could not
prolong the half-life of YAP-AWW (Fig. S3B). These findings
indicated that UCHL3 and YAP form an intact complex.

UCHL3 deubiquitylates YAP

As UCHL3 is a deubiquitylase, we went on to examine the
possibility that UCHL3 deubiquitylates YAP. Depletion of
UCHL3 significantly increased the level of ubiquitinated-YAP
(Fig. 2A). We then performed endogenous ubiquitination assay
and detected the endogenous ubiquitin on YAP. As shown in
Fig. 2B, overexpression of UCHL3 decreased the endogenous
ubiquitin on YAP. Consistently, ectopic expression of UCHL3-WT,
but not UCHL3 “®**, markedly decreased YAP ubiquitylation in
cells both in vivo and in vitro (Fig. 2C, D). We then treated CAL-62
cells with TCID, a small molecule inhibitor for UCHL3, finding that
similar to UCHL3 siRNA, inhibition of UCHL3 by TCID enhanced
YAP ubiquitination in a dose-dependent manner (Fig. 2E).
Furthermore, UCHL3 decreased the YAP ubiquitylation induced
by the E3 ligase SHARPIN (Fig. 2F). In vivo deubiquitylation assays
also showed that UCHL3 removed the ubiquitin chain of YAP in a
time- and dose-dependent manner (Fig. 2G). We further
performed ubiquitination assay with a series of ubiquitin mutants
to investigate which type of ubiquitin chain of YAP was
deubiquitylated by UCHL3. It was found that UCHL3 efficiently
removed the K11 and K48-linked ubiquitin chain on YAP (Fig. 2H).
Taken together, UCHL3 proved to be a specific DUB, which de-
polyubiquitylated and stabilized YAP.

UCHLS3 is a direct transcriptional target of YAP/TEAD

Regulation of UCHL3 transcription is not yet well understood. It
was found in our study that YAP depletion in ATC cells
significantly decreased the UCHL3 mRNA level (Fig. S5A), suggest-
ing that UCHL3 may be a transcriptional target of YAP/TEAD. We
then used PROMO database (http://alggen.lsi.upc.es/cgi-bin/
promo_v3/promo/promoinit.cgi?dirDB=TF_8.3) and JASPAR data-
base (http://jaspar.genereg.net/) to analyze the human UCHL3-
promoter nucleotide sequence, and found two putative TEAD4
binding motifs (Fig. S5B, C). We then constructed and transfected
a series of luciferase reporter plasmids flanked with truncated or
mutated UCHL3 promoter sequences into CAL-62 cells for a
luciferase reporter assay. The result of serial deletion suggested
that the binding site R2 (—409 to —398 bp) was essential to
TEAD4-induced expression of luciferase reporter. In addition, site-
directed mutation of UCHL3 also indicated that the binding site R2
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was indispensable for TEAD4 binding and the transcription of
luciferase reporter (Fig. S5D, E). Furthermore, the chromatin
immunoprecipitation (ChIP) assay demonstrated that TEAD4
directly bound to the putative sites of UCHL3 in ATC cell lines
(Fig. S5F). These findings demonstrated that UCHL3 was a direct
transcriptional target of YAP/TEAD.
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UCHL3 promotes ATC progression, metastasis and stem-like
properties

We next examined the role of UCHL3 in regulating ATC
progression. Our results demonstrated that depletion of
UCHL3 significantly decreased cell proliferation and migration.
Depletion of UCHL3 decreased cell proliferation and increased the
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Fig. 1 UCHL3 depletion decreases Hippo signaling activity in ATC cells. A The siRNAs specific to each deubiquitinating enzyme were
transfected into CAL-62 cells. After 48 h, cells were lysed and the YAP protein level was analyzed by Western blot. B UCHL3 depletion
decreased YAP protein level without affecting mRNA expression of YAP. C Increasing amounts of UCHL3 WT or C95A were transfected into
CAL-62 cells and YAP expression was detected. D UCHL3 did not change the mRNA abundance of YAP. E UCHL3 depletion decreased YAP-
luciferase activity. CAL-62 cells were transfected with SiIUCHL3 or SiControl together with YAP-luciferase reporter plasmid. Luciferase activity
was measured 48 h after transfection. F CAL-62 cells transfected with the indicated siRNA were treated with or without the proteasome
inhibitor MG132 (10 uM, 6 h), and then proteins were analyzed. G UCHL3 WT or C95A was introduced into CAL-62 cells together with
UCHL3 siRNA. YAP levels were measured. H CAL-62 cells transfected with UCHL3 siRNA were treated with cycloheximide (10 ug ml™"), and
collected at the indicated times for western blot. | CAL-62 cells were transfected with UCHL3 plasmid or siRNA, and YAP mRNA levels were
measured. J YAP correlated with UCHL3 in thyroid cancer samples. Commercially available tissue microarray slides (Alenabio, China) were
purchased for IHC analysis. K An immunofluorescence assay demonstrated that UCHL3 and YAP at least partially colocalized in CAL-62 and
KHM-5M cells. L Co-IP assay revealed an association between endogenous UCHL3 and YAP in CAL-62 cells. CAL-62 cells were harvested with
RIPA lysis buffer. Co-IP was performed using antibody as indicated. M CAL-62 cells transfected with Myc-UCHL3 were lysed and the lysates
were incubated with GST-YAP or GST protein. The interacted UCHL3 was detected by western blot. N YAP and UCHL3 domain structure and
deletion mutants used in the study. O UCHL3 interacted with the WW domain of YAP. P C terminal of UCHL3 physically interacted with YAP.
Results shown are representative of three independent experiments. Data are represented as mean+SD of biological triplicates.

*p value < 0.05; **p value < 0.01; ***p value < 0.001 by unpaired, two-tailed Student’s t tests.

population in G1 phases, indicating that UCHL3 may regulate G1
to S transition in ATC cells (Fig. 3A, B). The results of clone
formation assay revealed that UCHL3 depletion significantly
decreased the clone formation capability in CAL-62 and KHM-5M
cells (Fig. 3C). Consistently, EJU incorporation assay indicated that
DNA synthesis was inhibited in CAL-62 and KHM-5M cells treated
with UCHL3 siRNAs (Fig. 3D, E). Furthermore, depletion of
UCHL3 significantly decreased the cell migration capacity as
revealed by wound healing and transwell assays (Fig. 3F-H).

As ATC is an undifferentiated carcinoma, we then examined the
role of UCHL3 in anaplastic thyroid cancer stemness character-
istics. It was found that UCHL3 depletion significantly reduced the
oncosphere formation of CAL-62 and KHM-5M cells (Fig. 4A, B).
Notably, UCHL3 depletion significantly reduced the expression of
pluripotent transcription factors Sox2, Nanog, KLF4 and Oct4
compared with control cells (Fig. 4C) and decreased ALDH activity
of ATC cells (Fig. 4D). Moreover, CAL-62 cells expressing shUCHL3
displayed an attenuated tumor-initiation capacity in NOD-SCID
mice compared with control cells (Fig. 4E). Overall, UCHL3 silencing
abrogates the tumorigenic capacity of anaplastic thyroid cancer
stem cells.

To determine the mechanism of UCHL3 in regulating ATC cell
proliferation and migration by stabilizing YAP, we performed
rescue experiments by ectopic expressing YAP or UCHL3%*A in
UCHL3 knockdown CAL-62 cells. CCK8 assay indicated that
overexpression of YAP largely recovered the proliferation rate of
CAL-62 cells (Fig. 5A). Increased YAP expression reversed the clone
formation ability of CAL-62 cells (Fig. 5B). Consistently, YAP
overexpression also facilitated the DNA synthesis in CAL-62 cells
depleted with UCHL3 (Fig. 5C). Wound healing and transwell
assays showed that the suppressive function induced by UCHL3
depletion was largely reversed by YAP overexpression (Fig. 5D, E).
But the UCHL3“*** |ost the ability of promoting proliferation and
migration. Knockdown of UCHL3 significantly inhibited tumor
growth in vivo, while the restoration of YAP expression abolished
the inhibition induced by UCHL3 depletion (Fig. 5F-H). We further
used a tail vein injection mouse model for in vivo metastasis
evaluation. Depletion of UCHL3, observably inhibited lung
metastasis in mice, which effect could be rescued by YAP
overexpression (Fig. 5H, ). Consistently, UCHL3 overexpression
promote ATC tumor growth and metastasis in vivo, and this effect
could be abolished by knockdown of YAP (Fig. S6A). Taken
together, these results indicate that UCHL3 promotes ATC
progression through YAP.

TCID inhibits the growth and metastasis of ATC cells

We also tested the effect of pharmacological UCHL3 inhibitor TCID
(0, 5, T0uM) on the proliferation and migration of anaplastic
thyroid cancer cells. As shown in Fig. 6, inhibition of UCHL3 by
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TCID caused a dose-dependent suppression on the growth and
metastasis of ATC cells (Fig. 6A-E). Moreover, we examined
whether TCID affected the ATC growth and metastasis in vivo and
found that treatment of TCID resulted in an obvious decrease in
tumor growth and metastasis in nude mice (Fig. 6F-H). To further
determine whether the anti-tumor and anti-metastatic effects of
the TCID are mediated by UCHL3 and YAP, we constructed UCHL3
and YAP knockdown cells. It is found that TCID imposed minimal
effect on the growth and metastasis of UCHL3 and YAP knock-
down cells (Fig. S6B, C). Consistent with our previous experiments,
inhibition of UCHL3 by TCID significantly decreased YAP protein
level in ATC cells (Fig. 6l). Co-treatment of cycloheximide and TCID
decreased the level of endogenous YAP more rapidly (Fig. 6J). The
effect of TCID on YAP was mainly dependent on UCHL3, as TCID
had no effect on the YAP protein level in UCHL3-knockdown cells,
and depletion of UCHL1 did not affect YAP protein levels (Fig. 6K).

UCHL3 decreases the response of ATC cells to chemotherapy
through YAP

Doxorubicin is the most commonly used chemotherapy drug
for ATC. YAP activation has been shown to play a role in
chemoresistance in various types of malignancies including
ovarian cancer, breast cancer, and hepatocellular carcinoma
[27-33]. Knowing that UCHL3 could stabilize YAP, we examined
whether inhibition of UCHL3 affected cell response to doxorubicin.
As shown in Fig. 7, inhibition of UCHL3 by siRNA or TCID sensitized
CAL- 62 cells to chemotherapy drugs treatment (Fig. 7A, B), and
the effect induced by UCHL3 depletion could be abolished by YAP
reconstitution (Fig. 7A). Consistently, CAL- 62 cells with over-
expression of WT UCHL3 developed resistance against doxorubi-
cin treatment, while cells overexpressing catalytically inactive
mutant UCHL3 showed no such effect (Fig. 7C). The same results
were observed in KHM-5M cells (Fig. 7G, F). To confirm the anti-
chemotherapy function of UCHL3 in vivo, CAL-62 cells over-
expressing an empty vector, UCHL3, YAP or shRNA targeting YAP
were xenografted into nude mice. It was found that tumor growth
of the control CAL-62 cells was significantly reduced by
doxorubicin treatment, while tumor cells overexpressing UCHL3
or YAP grew more rapidly than the control cells on doxorubicin
treatment, and depletion of YAP abolished the chemoresistance
effect induced by UCHL3 overexpression (Fig. 7G). Furthermore,
administration of TCID and doxorubicin in combination signifi-
cantly inhibited tumor growth in vivo than administration of either
TCID or doxorubicin alone (Fig. 7H).

DISCUSSION
ATC is a rare, highly aggressive malignant tumor. There exists no
effective or standard therapy for the treatment of anaplastic
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Fig. 2 UCHL3 de-polyubiquitylates YAP. A CAL-62 cells transfected with the indicated siRNA were treated with MG132 for 6 h before
collection. YAP was immunoprecipitated with anti-YAP and immunoblotted with anti-HA. B Immunoblotting was used to detect the
endogenous ubiquitination of YAP in CAL-62 cells transfected with Myc-UCHL3. C Immunoblotting was used to detect the ubiquitination of
YAP in 293T cells co-transfected with Flag-YAP, HA-Ubiquitin and Myc-UCHL3 (wild-type or C95A). D Wild-type UCHL3, but not UCHL3 C94A
possesses DUB activity toward polyubiquitinated YAP in vitro. Ubiquitinated YAP was purified from HEK293T cells transfected with HA-Ub, and
Flag-YAP plasmids using anti-Flag affinity purification method. The ubiquitinated YAP was incubated with GST-tagged wild-type UCHL3, and
UCHL3 C95A proteins in 20 pl reaction buffer containing at 37 °C for 2 h. The reactions were terminated by boiling in 1X SDS sample buffer
and analyzed using IB with anti-HA antibodies. E Protein lysates were collected from CAL-62 cells treated with increasing amounts of TCID for
48 h. YAP was immunoprecipitated with anti-YAP and immunoblotted with anti-HA. Cells were exposed to MG132 (10 uM) for 6 h before
harvest. F YAP ubiquitylation was analyzed in cells transfected with E3 SHARPIN together with UCHL3 or not. G UCHL3 removed the ubiquitin
chain of YAP in a time- and dose-dependent manner. H HA-WT, K6, K11, K27, K29, K33, K48 or K63 Ub were co-transfected with Flag-YAP and
Myc-UCHL3 into HEK293T cells. After treatment with 10 uM MG132 for 6 h, cell lysates were subjected to ubiquitination assay and the
ubiquitination level of YAP detected by HA antibody. | CAL-62 cells transfected with empty vector or UCHL3 were treated with MG132 for 6 h
before collection. YAP was immunoprecipitated with anti-YAP and immunoblotted with anti-K48.

thyroid cancer. Therefore, it is an urgent issue to explore the
underlying molecular mechanisms involved in the initiation and
progression of anaplastic thyroid cancer. More novel candidate
targets are needed to improve the treatment decisions. Our
findings demonstrate that UCHL3 is a YAP DUB that promotes ATC
progression through stabilizing YAP, which in turn activates
UCHL3 transcription (Fig. S7). Targeting UCHL3/YAP may enable
promising therapeutic approaches for the treatment of ATC
patients.

In our previous study, we observed that YAP is essential for the
progression of ATC tumors [26]. YAP is a major factor of the Hippo
tumor suppressor pathway. The expression of YAP is associated
with cell proliferation, cancer metastasis, poor prognosis, resis-
tance to chemotherapy, and greater possibility of relapse [34, 35],
making it attractive therapeutic targets in cancer. However, the
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mechanisms underlying YAP overexpression or activation in
malignant cells have not been well defined. The Hippo pathway,
and specifically the YAP/TEAD transcriptional complex, has been
shown to be a promising target for the treatment for various
cancers: verteporfin was identified from a small library of FDA-
approved compounds, which could block the interaction between
YAP and TEADs to suppress tumor growth in mice [36]. While
verteporfin has also been reported to have proteotoxic effects
[37], suggesting that this compound may not translate well to the
clinic. The compounds targeting YAP/TEADs activity only blocks
the biological functions mediated by YAP/TEADs transcriptional
complex, they are unable to block the biological effects of YAP
independent of TEADs. To date, no small molecule compounds
targeting Hippo pathway have progressed to the clinic [38]. To
systematically evaluate the impact of the individual members of
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Fig. 3 UCHL3 depletion inhibits ATC cell proliferation and migration. A UCHL3 depletion inhibited the cell proliferation in ATC cells.
B UCHL3 depletion induced G1 cell cycle arrest in ATC cells. C UCHL3 depletion decreased the clone formation capability of anaplastic thyroid
cancer cells. D, E Representative images of EdU assay of ATC cells. F, G Wound-healing assay of anaplastic thyroid cancer cells. H Transwell
migration assay of ATC cells. Results shown are representative of three independent experiments. Data are represented as mean + SD of

biological triplicates. *p value < 0.05; **p value < 0.01; ***p value < 0.001 by unpaired, two-tailed Student’s t tests.
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Fig. 4 UCHL3 enhances tumorigenic capacity of anaplastic thyroid cancer stem cells. A, B Sphere formation assay of UCHL3-knockdown
cells and control cells. C Depletion of UCHL3 decreased the expression of pluripotent factors in ATC cells as assessed by quantitative real-time
PCR. D Depletion of UCHL3 decreased the ALDH activity of ATC cells. E Tumorigenic cell frequency in UCHL3-knockdown cells and control cells
was determined with limiting dilution assays. Results shown are representative of three independent experiments. Data are represented as
mean + SD of biological triplicates. *p value < 0.05; **p value < 0.01; ***p value < 0.001 by unpaired, two-tailed Student’s t tests.

the DUB family in YAP deubiquitination and promoting tumor
progression, we have screened a DUB siRNA library and conducted
unbiased siRNA screening by monitoring the levels of YAP and
identified several candidate DUBs. In addition to UCHL3, we also
noticed a few other DUBs (USP10 [24], USP47 [23] and EIF3H [39])
with potential effect on the YAP/TAZ signaling pathway, which
were recently found to revert the proteolytic ubiquitination of
YAP. However, siOTUB1 [40], siOTUB2 [41] or siMINDY1 [42]
imposed minimal effect on YAP in our screening systems. The
seemingly contradicting results may arise from the variation of
cellular context in different cell lines.

UCHL3 is characterized by dual hydrolase specificity for DUB
and deneddylating activities, and belongs to the UCH family [43].
It is involved in multiple biological processes, including insulin
signaling, preimplantation embryo development, fertilization,
DNA repair, osteoblast differentiation and tumor progression
[44-49]. UCHL3 has emerged as a tumor suppressor in prostate
cancer. Its overexpression suppressed epithelial-to-mesenchymal
transition (EMT), and inhibited cancer cell invasion and metastasis
[50]. The oncogenic role of UCHL3 has also been reported in
recent studies: UCHL3 activates NF-kB signaling pathway by
deubiquitinating and stabilizing TRAF2, thus inducing overactive
inflammatory response of ovarian cancer [51]; UCHL3 promotes
pancreatic cancer progression in a FOXM1-dependent manner
[52]; UCHL3 functions to promote tumor growth and cancer
stemness via enhancing AhR protein stabilization. The UCHL3
inhibitor TCID or depletion of UCHL3 by its specific shRNAs
induced AhR degradation in cells and inhibited tumor cell
proliferation [53].

In the present study, we identified UCHL3 as a potent DUB
responsible for YAP deubiquitination and stabilization in ATC.

Cell Death & Differentiation (2023) 30:1247 - 1259

First, UCHL3 and YAP interacted with each other directly. Co-IP
analysis identified the association between YAP and UCHL3.
Binding assays demonstrated that UCHL3 interacted with the
WW domain of YAP in a manner independent of its DUB activity.
Second, UCHL3 decreased YAP polyubiquitination and promotes
YAP protein stabilization in a DUB activity-dependent manner.
UCHL3 deletion markedly decreased YAP levels, and this effect
could be reversed by addition of the proteasome inhibitor
MG132 or overexpression of UCHL3-WT, but not its catalytically
inactive mutant UCHL3“>A. Upon inhibition of protein synthesis
by cycloheximide, UCHL3 depletion significantly decreased the
half-life time of YAP protein. Ectopic expression of UCHL3-WT,
but not UCHL3“**#, markedly decreased YAP ubiquitylation both
in vivo and in vitro. In vivo deubiquitylation assays showed that
UCHL3 directly removed the ubiquitin chain of YAP in a time- and
dose-dependent manner. To further analyze the underlying
mechanisms, a series of mutant ubiquitin were used to
identify the linkage of ubiquitin chain. We observed that
UCHLS3 significantly decreased K6- and K48-linked polyubiquiti-
nation from YAP. As polyubiquitination through K48 of Ub
generally results in proteasomal degradation [54, 55], UCHL3 may
maintain the stability of YAP by removing the K48-linked
ubiquitin chain from YAP protein. Previous studies indicated
that SHARPIN could promote YAP degradation via inducing YAP
K48-dependent polyubiquitination. It was found in our study that
UCHL3 decreased the YAP ubiquitylation induced by the E3
ligase SHARPIN. Finally, UCHL3 could promote cancer progres-
sion, metastasis, stem-like properties and chemoresistance of
ATC through YAP. Depletion of UCHL3 significantly decreased
cancer progression and increased cell sensitivity to chemother-
apy. In addition, the restoration of YAP expression abolished the
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Fig. 5 Increased YAP expression recovers the effect of UCHL3 depletion. A Cell proliferation assay of CAL-62. B Clone formation assay of
CAL-62. C Representative images of EdU assay of CAL-62. D Wound-healing assay of CAL-62. E Transwell migration assay of CAL-62.
F Overexpression of YAP in UCHL3-knockdown cells partly recovered tumor growth in vivo. 1 x 10° CAL-62 cells transfected with indicated
plasmids were injected to the right dorsal flank of each mouse (n=6). Tumor sizes were measured every 3 days until the end of the
experiment. The data are presented as the mean+SEM. G Western blot images of UCHL3 and YAP. H Representative images of
immunohistochemical staining for Ki67, UCHL3 and YAP. I, J UCHL3 depletion suppressed the lung metastasis of ATC in mice. 0.5 x 10° ATC
cells were intravenously injected into each mouse through the tail vein (n =6). The lungs were harvested 4 weeks after injection. Results
shown are representative of three independent experiments. Data are represented as mean + SD of biological triplicates. *p value < 0.05;
**p value < 0.01; ***p value < 0.001 by unpaired, two-tailed Student’s t tests.
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Fig. 6 TCID inhibits cell proliferation and migration. A TCID inhibited cell proliferation in ATC cells. B TCID decreased clone formation
capability of ATC cells. C Representative images of EdU assay of ATC cells. D Wound-healing assay of ATC cells. E Transwell migration assay of
ATC cells. F Nude mice with tumors formed by CAL-62 cells were treated with vehicle control or TCID intraperitoneally (10 mg/kg, 3 times each
week). G Representative images of immunohistochemical staining for Ki67 and YAP. H TCID suppressed the lung metastasis of ATC in mice.
0.5 x 10° ATC cells were intravenously injected into each mouse through the tail vein (n = 6). Nude mice were treated with vehicle control or
TCID intraperitoneally (10 mg/kg, 3 times each week). The lungs were harvested 4 weeks after injection. | Protein lysates were collected from
the indicated ATC cells treated with the indicated concentrations of TCID for 48 h. Western blot assay was used to detect the expression of
UCHL3 and YAP proteins. J CAL-62 cells treated with TCID or DMSO were treated with cycloheximide for various lengths of time. Western blot
assay was used to detect YAP and UCHL3 protein levels. K TCID increased K48-linked polyubiquitination of YAP protein. L TCID decreased YAP
protein levels via UCHL3. CAL-62 cells transfected with the indicated siRNA were treated with TCID, and then proteins were analyzed. Results
shown are representative of three independent experiments. Data are represented as mean = SD of biological triplicates. *p value < 0.05;
**p value < 0.01; ***p value < 0.001 by unpaired, two-tailed Student’s t tests.

effects induced by UCHL3 depletion. We further examined TCID, reduced the YAP protein level and inhibited the deubiquitinase
a small molecular inhibitor of UCHL3, to verify our findings. As activity of UCHL3 against YAP. Cotreatment with TCID and CHX
expected, TCID treatment caused a dose-dependent suppression significantly shortened the half-life of YAP, suggesting that TCID,
on the proliferation and migration of ATC cells and elevated cell like UCHL3 knockdown, promotes YAP ubiquitination and
sensitivity to chemotherapy. Correspondingly, TCID treatment degradation.
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Fig. 7 UCHL3 regulates the ATC cell response to chemotherapy. A CAL-62 cells expressing indicated constructs were treated with
doxorubicin, and cell survival was determined. B CAL-62 cells were co-treated with TCID and doxorubicin, and cell survival was determined.
C CAL-62 cells expressing indicated constructs were treated with doxorubicin, and cell survival was determined. D KHM-5M cells expressing
indicated constructs were treated with doxorubicin, and cell survival was determined. E KHM-5M cells were co-treated with TCID and
doxorubicin, and cell survival was determined. F KHM-5M cells expressing indicated constructs were treated with doxorubicin, and cell
survival was determined. G In vivo xenografts generated from CAL-62 cells expressing an empty vector, UCHL3, YAP or YAP-targeting shRNA
and treated with doxorubicin. 1x 10° CAL-62 cells were injected to the right dorsal flank of each mouse (n = 6). After the tumors reached
~50 mm?>, the mice were treated with doxorubicin (3 mg/kg/day, diluted into injectable NaCL with a final concentration of 50 pl) delivered
intratumorly. H CAL-62 xenografts treated with doxorubicin alone or in combination with TCID. 1 x 10° CAL-62 cells were injected to the right
dorsal flank of each mouse (n=6). After the tumors reached ~50 mm?, mice were treated with doxorubicin (3 mg/kg/day, diluted into
injectable NaCl with a final concentration of 50 pl) delivered intratumorly. The animals were then treated with the vehicle or TCID
intraperitoneally (10 mg/kg/day, 3 times each week). Tumor sizes were measured every 3 days until the end of the experiment. The data are
presented as the mean + SEM. Results shown are representative of three independent experiments. Data are represented as mean + SD of
biological triplicates. *p value < 0.05; **p value < 0.01; ***p value < 0.001 by two-way ANOVA tests.

In conclusion, we demonstrated that UCHL3 is a YAP DUB that MATERIALS AND METHODS
promotes tumor growth, metastasis and tumor stem-like proper- Cell culture
ties through stabilizing YAP though its deubiquitylation activity. The human ATC cell lines CAL-62, KHM-5M and human embryonic kidney
Our findings provide new insights into the roles of UCHL3 in HEK293T cells were obtained from the Chinese Academy of Sciences

Hippo signaling pathway, and suggest that UCHL3 may prove to (Shanghai, China). All cell lines were authenticated by the cell banks with
be a potential target for :che treatment of ATC short tandem repeat analysis. CAL-62 and HEK293T cells were maintained
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in Dulbecco’s modified Eagle’s medium (DMEM, 41965, Life Technologies),
and KHM-5M cells were maintained in RPMI 1640 (42401, Life Technolo-
gies). All media were supplemented with 10% fetal bovine serum (FBS,
Gibco, Life Technologies, 10270). All cells were cultured at 37°C in an
atmosphere of 5% CO,.

Plasmids and RNA inference

The YAP, wild-type (WT) UCHL3 and its inactive mutant plasmids were
obtained from Hanbio Biotechnology Co., Ltd. (Shanghai, China). The HA-
K6, -K11, -K27, -K29, -K33, -K48, -K63, and -Ub plasmids were acquired from
Addgene. Small interfering RNAs (siRNAs) targeting UCHL3 (siRNA-1: 5'-
CAGCAUAGCUUGUCAAUAA-3’;  5'-GCAAUUCGUUGAUGUAUAU-3)  were
synthesized by Genepharma (Shanghai, China).

Establishment of stable expression cell lines

To generate lentivirus, lentivirus vectors (pCDH-UCHL3-Puro, pCDH-YAP-
Puro, PLVX-shUCHL3-Puro, PLVX-shYAP-Puro, 10 pg) and lentiviral compo-
nents (10 ug psPAX2 and 5 ug pMD2.G) were co-transfected into 2 X 106
293T cells in a 10 cm? dish using Lipofectamine 3000. Lentivirus-containing
supernatants from 48 and 72 h post-transfection were collected to infect
ATC cells. The stable cell lines were selected using 2 ug/ml puromycin for
3 days for two passages. Puromycin (1 pg/ml) was used to maintain
the cells.

RNA extraction and qRT-PCR analysis

The total RNA was extracted from the cancer cells using the RNeasy plus
mini kits (Qiagen, Germany). Reverse transcription was performed using
the PrimeScript RT Master Mix (Takara, Japan). gRT-PCR was performed
using the SYBR green mix (Toyobo, Japan) with the CFX96TM Real-time
PCR Detection System (Bio-Rad, USA). The 2722 method was used to
calculate the relative expression. GAPDH was used for internal control. All
assays were performed in triplicates. Primers were listed as follows: GAPDH
(forward: 5'-ACGGGAAGCTTGTCATCAAT-3/, reverse: 5-TGGACTCCACGACG
TACTCA-3’); YAP (forward: 5-TAGCCCTGCGTAGCCAGTTA-3’; reverse: 5/-TC
ATGCTTAGTCCACTGTCTGT-3’); ANKRD1 (forward: 5-AGAACTGTGCTGGG
AAGACG-3/; reverse: 5-GCCATGCCTTCAAAATGCCA-3); CTGF (forward: 5/-C
TCGCGGCTTACCGACTG-3'; reverse: 5-GGCTCTGCTTCTCTAGCCTG-3'); CYR61
(forward: 5-AGCAGCCTGAAAAAGGGCAA-3'; reverse: 5-AGCCTGTAGAAGG
GAAACGC-3).

Luciferase assay

The YAP/TEAD-luciferase reporter plasmid, Renilla plasmid and
UCHL3 siRNA were transfected together into CAL-62 cells. Luciferase
activity was detected using the Dual-Luciferase Reporter kit (Promega,
Germany).

Co-immunoprecipitation assay

Cells were lysed with NP-40 lysis buffer containing a cocktail of protease
inhibitors. The total cell lysis was precleared with rabbit IgG for 2 h and
subsequently immunoprecipitated with indicated antibody at 4 °C over-
night. Protein A/G PLUS-Agarose beads (Santa Cruz) were then added to
the lysates and incubated at 4°C for 2 h. The immunocomplexes were
washed with lysis buffer three times and separated by SDS-PAGE.
Immunoblotting was performed following standard procedures.

GST pulldown assays

GST fusion proteins bound to glutathione-Sepharose 4B beads (Samgon
Biotech, China) were incubated with cell lysates at 4 °C for 2 h. Then the
beads were washed with GST binding buffer. The bound proteins were
separated by SDS-PAGE, followed by Western blot with indicated
antibodies.

Chromatin immunoprecipitation (ChIP) assay

Magna ChIP-seq ™ Chromatin Immunoprecipitation Kit (Millipore, Billerica,
USA) was used for detecting protein-chromatin interactions. Briefly, the
cells were fixed with formaldehyde, sonicated and incubated with the target
protein. The cross-linked DNA fragments were then released from the co-
precipitated complexes, purified, and amplified by PCR. Sequences of
primers amplifying the UCHL3 promoter regions were as follows: Region 1
(R1), sense: 5'-CTGAGACATGCTGCCCTCAA-3/, antisense: 5-TCCACCGTCTGG
TTTATATGGT-3'; Region 2 (R2), sense: 5-GGTTCAGTCCAGGAATCCACTT-3/;
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antisense: 5'-GGAATTACGGAGGAAGGGGG-3'; Distant Region, sense: 5-TG
CCAAAAGGCCACGTTTAG-3; antisense: 5-CTTCCTGCTGCATGGGTTTG-3.

Protein stability assay

To measure the half-life of YAP, cells were treated with 100 uM protein
synthesis inhibitor cycloheximide (Sigma-Aldrich) for indicated times.
Western blot was performed to measure protein levels.

In vitro deubiquitination assay

HEK293T cells were transfected with empty vector or Flag-YAP and HA-Ub
plasmids. Forty-eight hours after transfection, ubiquitinated YAP proteins
were immunoprecipitated with anti-FLAG M2 affinity gels (Sigma-Aldrich).
The ubiquitinated YAP proteins were incubated with bacterially purified
GST or GST-UCHL3 (wild-type or C95A) proteins in deubiquitination buffer
(50mM NaCl, 50mM Tris-HCI, 10 mM dithiothreitol, 1 mM EDTA, 5%
glycerol, pH 8.0) at 37°C for 2h. After the reaction, reaction mix was
supplemented with SDS to a final concentration of 2%, boiled at 95 °C to
dissociate all protein-protein interactions, diluted 10 to 20 times via the
deubiquitination buffer, and then immunoprecipitated by Flag beads
before the beads are boiled again and assessed for the HA-ubiquitin
level by WB.

In vivo deubiquitination assay

In vivo deubiquitination assay was performed in HEK293T and ATC cells.
HEK293T cells were transfected with HA-Ub, Flag-YAP, Myc-UCHL3 or Myc-
UCHL3 ®** plasmid as indicated for 48 h. After treatment with 10 uM
MG132 for 6 h, cells were lysed directly in 10 mM Tris-HCI buffer containing
2% SDS and boiled. Flag-YAP was immunoprecipitated with anti-Flag and
immunoblotted with anti-HA. In ATC cells, HA-Ub plasmid were co-
transfected with UCHL3 siRNAs into CAL-62 cells. And the experimental
procedures were performed as described above.

Western blot analysis

Cells were lysed with RIPA extraction reagent (Beyotime, China)
supplemented with protease inhibitors (Sigma-Aldrich, USA). Total protein
was separated using 10-12.5% sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred to 0.45um PVDF membrane (Millipore,
USA). Primary antibodies were YAP (Proteintech, 13584-1-AP), UCHL3
(Proteintech, 12384-1-AP), HA (Proteintech, 51064-2-AP), Myc (Proteintech,
60003-2-1g), GAPDH (Proteintech, 60004-1-lg) antibodies. Bands were
visualized using an enhanced chemiluminescence (ECL) kit (Boster, China)
and detected by ChemiDoc XRS + Imaging System (Bio-Rad).

Cell proliferation and cell viability analysis

The cell proliferation rate was detected using Cell Counting Kit-8 (CCK8)
assay at indicated time points according to the manufacturer’s
instructions. Briefly, cultured CAL-62 and KHM-5M cells were digested
and 2x 10 cells were seeded in 96-well culture plates. CCK8 solution
reagent was added to each well and incubated for 1.5h at 37°C. The
absorbance of the colored solution was measured at a wavelength of
450 nm with a spectrophotometer. For clone formation assay, 1000 cells
were seeded into 6-well plates. After 14-day incubation, cells were fixed
with 4% paraformaldehyde and visualized by 0.5% crystal violet staining.
EdU incorporation assay was performed as we previously reported [56].
Briefly, cells were culture in 96-well plates at a density of 1000 cells per
well. After 24 h, 50 uM EdU was added to each well and incubated for
additional 2 h. The cells were fixed with 4% formaldehyde for 15 min and
treated with 0.5% Triton X-100 for 20 min. After washing with PBS, 100 pl
of 1 X Apollo reaction cocktail was added and incubated for 30 min.
After staining with 100 pl of Hoechst 33342 for 30 min, the cells were
visualized using EVOS cell image system. The results were analyzed by
Image-Pro Plus 6.0 software (Media Cybernetics, USA). For the cell
viability assay, 1 x 10* ATC cells expressed with the indicated constructs
were seeded into 96-well microplates, doxorubicin was added after cell
adhesion and cell viability was detected 24 h later as described in the
CCK8 assay.

Cell migration analysis

For wound healing assay, cells were seeded into 6-well plates. When cells
reached full confluence, a scratch was made on the cell layer with a 200 pl
sterile pipette tip and washed with PBS. Cells were maintained in the
medium containing 1% FBS and wound distance was measured every 24 h.
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Transwell migration assay was performed using 8 um pore polycarbonate
membrane transwell plates (Corning, USA). Briefly, 5x10° cells were
suspended without serum and were seeded into the upper chambers of
the transwell plates. The bottom chambers were filled with 600 pl
complete medium. After 24 h, the migratory cells were fixed and stained
with crystal violet.

ALDH activity assay

ALDH activity was measured using ALDH Activity Assay Kit (ab155893,
Abcam) following the manufacturer’s instructions: NADH standard and
sample were added into a 96-well plate in duplicate. Then the Reaction
mix, containing Acetaldehyde and ALDH substrate, were added to each
well to a final volume of 50 pl. Finally, the mixture was incubated for 1 h at
room temperature and measured at OD 450 nm.

Sphere formation assay

In total, 2x 103 single cells were seeded into 6-well ultra-low attachment
culture plates (Corning, USA) in serum-free DMEM/F12 supplemented with
B27 (1:50), 20 ng/ml EGF, and 20 ng/ml bFGF. Two weeks later, the spheres
were photographed and counted.

In vivo tumorigenesis and metastasis assay

BALB/c nude mice aged 4 weeks were obtained from Beijing HFK
Bioscience Co., Ltd. (Beijing, China). In total, 1x10° CAL-62 cells were
injected to each mouse. Tumor sizes were measured every 3 days until the
end of the experiment. For in vivo metastasis assays, 0.5 x 10° CAL-62 cells
were intravenously injected into each mouse through the tail vein. The
lungs were harvested 4 weeks after injection. The mice were maintained in
a temperature and humidity-controlled and specific pathogen-free
environment in the laboratory animal facility of Xiangya Hospital of
Central South University. Tumor size was measured every 3 days until the
end of the experiment. The experiments were performed under the
protocols approved by ethnic committee of Xiangya Hospital of Central
South University.

Limiting dilution assay in vivo

For the in vivo limiting dilution assay, spheroids were dissociated into
single cells, serially diluted to the desired doses (5x 10° 1x 10% 5x10*
and 1x 10°), and then subcutaneously injected into NOD-SCID mice. After
2 months, the number of tumors was counted, and the frequency of CSCs
was assessed using ELDA software (http://bioinf.wehi.edu.au/software/
elda/index.html) provided by the Walter and Eliza Hall Institute.

Statistical analysis

Student’s t test and one-way ANOVA were used to compare two and more
groups respectively. Multiple comparison with—was performed when
appropriate. A p value < 0.05 was considered as statistically significant and
all tests were two-tailed. All statistical tests were performed with Prism 7.0
(GraphPad, USA).
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