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USP22 promotes melanoma and BRAF inhibitor
resistance via YAP stabilization
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Abstract. Yes-associated protein (YAP) is a conserved tran-
scriptional coactivator that plays key roles in controlling organ
size, tumorigenesis and drug resistance. Emerging evidence
shows that YAP is overexpressed and associated with resis-
tance to BRAF inhibitor treatment in melanoma. However,
the mechanism accounting for YAP-overexpression in mela-
noma is largely unknown. The present study characterized
ubiquitin-specific peptidase 22 (USP22) as a deubiquitinase
controlling YAP abundance and biological functions in
melanoma. Using western blotting and immunohistochemical
staining, it was found that the expression of USP22 and YAP
was associated in melanoma cell lines and patient samples.
Moreover, USP22 interacted with and deubiquitinated YAP
to prevent YAP turnover. Depletion of USP22 decreased
YAP expression, which in turn suppressed cell proliferation
and tumorigenesis. Furthermore, overexpression of USP22
conferred vemurafenib resistance in a YAP-dependent
manner. Overall, the present study revealed the important role
of the USP22/YAP axis in melanoma and BRAF inhibitor
resistance, and provides a rationale to target USP22/YAP for
melanoma treatment.

Introduction

Melanoma is the most serious type of skin cancer, accounting
for ~70% of skin cancer-associated deaths in the United States
in 2018 (1,2). The incidence of melanoma has risen rapidly
since 1975, and 95,710 newly diagnosed cases were predicted
for 2020 (3). With the development of promising new treat-
ments, particularly targeted therapies and immunotherapy,
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among all patients with melanoma after diagnosis, the 5-year
survival rate of melanoma has increased to 92% in the USA
in 2019 (3-7). However, since up to 50% of patients with
melanoma do not respond to or acquire resistance to these
therapies (8,9), the overall mortality rate has not markedly
decreased. Melanoma-associated death decreased by ~6% in
the USA from 2013 to 2017 (3). Therefore, it is important
to investigate the molecular mechanisms to identify new
targets/strategies for the improved treatment of melanoma.

Most melanomas arise from recurrent somatic mutations,
which lead to the dysregulation of oncogenic pathways that
regulate cell proliferation, apoptosis and invasion (10-12). The
most frequently mutated pathway in melanoma is the MAP
kinase (MAPK) signaling pathway, the mutation of which
occurs in ~70% of all melanomas and results in constitutive
activation of MAPK signaling. Notably, ~50% of melanomas
harbor BRAF oncogenic mutations, with V60OE being the
most common (13,14). Therefore, targeting the BRAF-V600E
mutation has attracted notable research attention. Several
inhibitors antagonizing this mutation have been developed,
two of which (vemurafenib and dabrafenib) have been
approved by the Food and Drug Association for treatment
of non-resectable BRAF-V600OE/K mutant melanoma (15).
Although the short-term response is promising, most patients
with melanoma acquire resistance to these BRAF inhibitors
and progress to more aggressive disease through various
mechanisms, such as other genetic alterations restoring
the MAPK pathway or activating the PI3K/Akt signaling
pathway (16). However, ~40% of patients develop resistance
with unknown causes (17).

Yes-associated protein 1 (YAP) is an evolutionarily
conserved transcriptional coactivator that functions as a
key regulator of organ development, cancer progression
and therapeutic resistance (18). YAP governs cell prolifera-
tion and apoptosis by controlling transcriptional programs
through interacting with transcription factors, such as TEAD
and (-catenin (19). In support of YAP as an oncoprotein,
overexpression of YAP has been associated with a variety of
human cancer types, including lung and breast cancer (20,21).
Previous studies have shown that YAP promotes melanoma
cell proliferation, invasion and resistance to BRAF/MEK
inhibitors (22-25). Consistently, patients with melanoma
with high expression of YAP display less responsiveness
to RAF/MEK inhibitors (25). However, the molecular
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mechanism for the overexpression of YAP in melanoma is
largely unknown.

YAP is a major downstream effector of the Hippo
pathway, which is composed of a kinase cascade containing
MAP4K, MST1/2 and LATS1/2. In response to the changes
in microenvironment, such as cell-cell adhesions and mecha-
notransduction, activated LATS1/2 kinases phosphorylate
YAP at multiple Ser/Thr residues, leading to YAP cytoplasmic
translocation (26). Other post-translational modifications also
play a critical role in regulating YAP subcellular localization
and transcriptional activity (27). Notably, ubiquitination-medi-
ated proteolysis is a key mechanism controlling YAP protein
levels. Several E3 ubiquitin ligases of YAP have been identi-
fied. B-transducin repeats-containing protein and F-box/WD
repeat-containing protein 7 promote YAP ubiquitination and
degradation in a phosphorylation-dependent manner (28,29).
Notably, SKP2-mediated K63-linked poly-ubiquitination
of YAP is a non-proteolytic signal, which enhances YAP
nuclear accumulation independent of the Hippo pathway (30).
Similar to phosphorylation, ubiquitination can be reversed by
deubiquitinating enzymes (DUBSs), the dysregulation of which
contributes to aberrant protein expression. Several DUBs
have been identified to regulate YAP cytoplasmic/nuclear
translocation and transcriptional activity, such as OTUDI1
and YODI1 (27); however, the DUBs that directly control YAP
protein stability in melanoma remain to be identified.

The current study aimed to characterize ubiquitin specific
peptidase 22 (USP22) as a DUB controlling YAP abundance
and biological functions in melanoma.

Materials and methods

Melanoma specimens and immunohistochemistry (IHC)
analysis. The patient samples were collected by fixing into
formalin within 15-30 min after surgical resection between
January 2015 and December 2018 under the protocol approved
by the Institutional Research Ethics Committee at Changxing
People's Hospital (Huzhou, China). The median age of patients
was 60 years (range, 15-85 years), and 56.7% of patients
were male. All patients with resectable melanoma were
included. Patients were fully informed, and written consent
was obtained from all patients and/or their guardians before
sample collection. In total, 90 melanoma tissue samples were
fixed with 10% formalin for 24 h at room temperature and
embedded in paraffin. The sections were cut into 5-um-thick
sections and used for IHC staining with anti-USP22 antibody
(1:500; cat. no. ab195289; Abcam) and YAP antibody (1:500;
cat. no. 14074; Cell Signaling Technology, Inc.). IHC analysis
of YAP and USP22 expression was based on visual inspection
by two members of our group of staining intensity, which is
commonly used by pathologists in the research field. To provide
unbiased analysis, the two researchers independently scored the
samples as low, medium and high using representative images
as references. The association between USP22 and YAP was
analyzed using the ? test. All procedures performed in the
present study involving human participants were approved and
in accordance with the ethical standards of the institutional
and/or national research committee, and in accordance with the
1964 Helsinki declaration and its later amendments or compa-
rable ethical standards.

Cell culture and reagents. Normal human epidermal melano-
cytes (NHEM,; cat. no. PCS-200-013), all melanoma cell lines
(SK-MEL-3, SK-MEL-28, A375, A2058 and G361) and 293T
cells were obtained from the American Type Culture Collection
(ATCC) and cultured according to the suppliers' instructions.
The Dermal Cell Basal Medium (cat. no. PCS-200-030),
McCoy's 5a Medium (cat. no. 30-2007) was used for
PCS-200-013, SK-MEL-3 and G361 cells, Eagle's Minimum
Essential Medium (cat. no. 30-2003) was used for SK-MEL-28
cells, and Dulbecco's Modified Eagle's Medium (DMEM;
cat. no. 30-2002) was used for A375, A2058 and 293T cells.
All media were purchased from ATCC. FBS was purchased
from Thermo Fisher Scientific, Inc. (cat. no. 10438026), and
10% FBS was added to the medium for all cells. The cells
were maintained in 5% CO, incubator at 37°C. BRAF-V600E
inhibitor vemurafenib (cat. no. S1267) and proteasome inhib-
itor MG-132 (cat. no. S2619) were purchased from Selleck
Chemicals.

Cell transfection. Lipofectamine 3000 was used for
transfection following the manufacturer's instructions
(cat. no. L3000008; Invitrogen; Thermo Fisher Scientific,
Inc.). Lentiviral packaging and infection were carried out as
previously described (31). Briefly, 293T cells were transfected
with 6 pg lentiviral vector [short hairpin (sh)GFP (shRNA
targeting GFP used as negative control), sShcYAP or shUSP22]
and second generation packaging plasmids, 2 ug psPAX2
(cat. no. 12260) and 4 ug pMD2.G (cat. no. 12259) (both
Addgene, Inc.) using Lipofectamine 3000. After 18 h of trans-
fection, DMEM was replaced with fresh DMEM medium.
Viruses were collected at 48 and 72 h and then filtered with
a 0.45-um PES filter. The virus titer was measured using the
Lenti-X GoStix Plus kit (cat. no. 631280; Takara Bio, Inc.)
following the manufacturer's instructions. Targeted cells
A375 and A2058 were infected with the virus at MOI 5.0
and selected with 1 yg/ml puromycin for 3 days in a 5% CO,
incubator at 37°C to eliminate the non-infected cells before
harvesting.

Plasmids. Flag-USP22 (OHu25420; used for ectopic
expression of USP22 in A375 and A2058 cells), HA-YAP
(OHu15043; customized vector pcDNA3.1+N-HA; used for
ectopic expression of YAP in A375 and A2058 cells) and
Myc-Ub (OHu28056; customized vector pcDNA3.1+N-Myc;
used for ectopic expression of ubiquitin in A375 cells for
the in vivo ubiquitination assay) were purchased from
GenScript. pcDNA3.1 (cat. no. V79020; Thermo Fisher
Scientific, Inc.) was used as an empty vector (EV) as a nega-
tive control. The Flag-USP22-C185S mutation was generated
using the QuikChange XL site-directed mutagenesis kit
(cat. no. 200521; Agilent Technologies, Inc.). shYAP1-1#
(cat. no. 42540) was purchased from Addgene, Inc.
shUSP22-1# (cat. no. TRCN0000291124) and shUSP22-2#
(cat. no. TRCN0000296867) were purchased from
Sigma-Aldrich; Merck KGaA. To ectopically express pcDNA
3.1 (EV), YAP or USP22, A375 and A2058 cells were trans-
fected with the plasmids pcDNA 3.1, HA-YAP or Flag-USP22
(5 ug each), respectively, using Lipofectamine 3000 at 37°C
for 24 h. After 36 h of transfection, cells were used for subse-
quent experiments.
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Western blotting and immunoprecipitation (IP). All cells
used for western blotting were lysed with 1X RIPA buffer
(cat. no. 9806; Cell Signaling Technology, Inc.) containing
1X protease inhibitor cocktail (cat. no. 78429; Thermo Fisher
Scientific, Inc.) and incubated for 15 min with rotation at 4°C.
After centrifugation at 15,871 x g for 10 min at 4°C, the
supernatant was collected and the protein concentration was
measured using the BCA method. The samples were boiled
at 95°C for 10 min. In total, 25-50 pg proteins in each lane
were separated using a 10% gel for SDS-PAGE and trans-
ferred to a PVDF membrane, followed by blocking with
5% skimmed milk in 1X TBS containing 0.1% Tween-20
(TBST) buffer (cat. no. BUF028; Bio-Rad Laboratories,
Inc.) at room temperature for 30 min. Next, the membrane
was incubated with primary antibodies at 4°C overnight.
After washing three times with 1X TBST buffer, the
membrane was incubated with secondary antibody at room
temperature for 1 h, followed by washing three times. All
the primary antibodies were used at a dilution of 1:1,000 in
5% skimmed milk, and the secondary antibodies were used
at a dilution of 1:3,000 in 5% skimmed milk. The anti-YAP
(cat. no. 14074), anti-GAPDH (cat. no. 5174), anti-ubiquitin
(cat. no. 43124), anti-Myc-tag (cat. no. 2272), anti-cleaved
PARP (cPARP; cat. no. 5625), anti-HA (cat. no. 3724), anti-Flag
(cat. no. 14793) and anti-rabbit secondary antibody linked
with HRP (cat. no. 7074) were purchased from Cell Signaling
Technology, Inc. The anti-USP22 antibody (cat. no. sc-390585)
was purchased from Santa Cruz Biotechnology, Inc. The
western blot images were developed using the chemilumines-
cence detection kit (cat. no. WBKLS0500; EMD Millipore),
the ChemiDoc Imaging system (Bio-Rad Laboratories, Inc.)
and the Image Lab 6.1 software (Bio-Rad Laboratories, Inc.).
For immunoprecipitation, 1,000 pug whole cell lysates were
incubated with 2 ug primary antibodies, including anti-USP22
(cat. no. ab195289; Abcam), anti-YAP (cat. no. 14074; Cell
Signaling Technology, Inc.) or anti-HA (cat. no. 3724; Cell
Signaling Technology, Inc.), for 6 h and then incubated with
20 pul protein A agarose (cat. no. 20333; Thermo Fisher
Scientific, Inc.) for 1 h. The immunoprecipitants were centri-
fuged at 15,871 x g for 1 min at 4°C and then washed with
RIPA buffer (Cell Signaling Technology, Inc.) three times,
followed by boiling at 95°C for 10 min and finally western blot
analysis performed as aforementioned.

Cycloheximide-chase assay. Cells were plated in a 60-mm cell
culture dish at 60% confluence for 24 h and then treated with
100 ug/ml cycloheximide (cat. no. S7418; Selleck Chemicals)
for 0, 2, 4, 6 or 8 h before harvesting for western blot analysis
performed as aforementioned.

In vivo ubiquitination analysis. A375 cells transfected with
Myc-Ub, Flag-USP22 and/or HA-YAP were treated with
10 uM MG-132 for 12 h before harvesting with 1X cell lysis
buffer (Cell Signaling Technology, Inc.) and incubating for
15 min with rotation at 4°C. After centrifugation at 15,871 x g
for 10 min at 4°C, 1,000 pug supernatant was incubated with
2 ug primary antibodies, including anti-YAP (cat. no. 14074;
Cell Signaling Technology, Inc.) or anti-HA (cat. no. 3724,
Cell Signaling Technology, Inc.), for 4 h, followed by addi-
tion of 20 pl protein A agarose (cat. no. 20333; Thermo Fisher

Scientific, Inc.) for 1 h or incubation with 20 ul anti-HA
agarose (cat. no. 26181; Thermo Fisher Scientific, Inc.) for 5 h
at 4°C with rotation. The immunoprecipitants were washed
three times with 1X cell lysis buffer. The samples were boiled
at 95°C for 10 min. Ubiquitinated YAP protein was detected
using anti-ubiquitin or anti-Myc-tag and western blot analysis
as aforementioned.

Reverse transcription-quantitative (RT-gPCR). Total RNA
was extracted from A375 cells transfected with shUSP22
and/or shYAP using the RNeasy mini kit following the manu-
facturer's instructions (cat. no. 74104; Qiagen, Inc.). In total,
1 ug RNA was used for cDNA synthesis using the iScript™
Reverse Transcription Supermix according to the manufac-
turer's instructions (cat. no. 1708841; Bio-Rad Laboratories,
Inc.). The mRNA levels were examined by SYBR Green
Supermix (cat. no. 1725270; Bio-Rad Laboratories, Inc.) using
the following thermocycling conditions: 95°C for 30 sec, then
40 cycles of 95°C for 10 sec and 60°C for 30 sec. GAPDH
was used as an internal control. The relative mRNA levels
were quantified using the 2-22°4 method as described previ-
ously (32). The primers were as follows: Connective tissue
growth factor (CTGF) forward, 5'-CCAATGACAACGCCT
CCTG-3' and reverse, 5“-TGGTGCAGCCAGAAAGCTC-3';
cysteine-rich angiogenic inducer 61 (Cyr61) forward, 5'-AGC
CTCGCATCCTATACAACC-3' and reverse, S-TTCTTTCAC
AAGGCGGCACTC-3; YAP forward, 5-CAGGAATTATTT
CGGCAGGA-3' and reverse, 5-CATCCTGCTCCAGTGTAG
GC-3"; and GAPDH forward, 5-GTCTCCTCTGACTTCAAC
AGCG-3' and reverse, 5-~ACCACCCTGTTGCTGTAGCCA
A-3'

Dual-luciferase reporter assays. A375 cells with depleted YAP
and/or USP22 were co-transfected with 5X UAS-luciferase
reporter (cat. no. 46756), Gal4-TEAD4 (cat. no. 24640)
(both Addgene, Inc.) and pRL Renilla luciferase control
reporter (cat. no. E2261; Promega Corporation) using
Lipofectamine 3000. After 36 h of transfection, luciferase
activity was measured using the Dual-Glo Luciferase Assay kit
(cat. no. E2920; Promega Corporation) following the manufac-
turer's instructions. All luciferase activities were normalized
to Renilla luciferase activity.

Cell proliferation assay. A375 cells transfected with shUSP22
and/or shYAP (1x10* per well) were seeded in 6-well plates
in triplicates and counted manually using a light microscope
(magnification, x20) every day for 5 days. Data are shown as
mean cell number derived from three biological replicates.

Cell viability assay. A375 and A2058 cells, either ectopi-
cally expressing USP22 or YAP, or depleted of USP22 or
YAP (2,000-3,000 per well) were seeded in 96-well plates in
triplicates for 24 h and then treated with 1 M vemurafenib
at 37°C for 24 h. The viable cells were determined using
CellTiter-Glo luminescent cell viability reagent according
to the manufacturer's instructions (cat. no. G7570; Promega
Corporation). Briefly, the aforementioned cells were incubated
with CellTiter-Glo solution at room temperature for 10 min.
The luminescent signal was detected by GloMax Microplate
Luminometer (cat. no. GM2000; Promega Corporation).
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Data are shown as percentage of the control cells from three
biological replicates.

Mouse tumor xenograft assay. All animal experiments were
performed under a protocol approved by the Institutional
Animal Care and Use Committee in Changxing People's
Hospital. All mice were purchased from the Model Animal
Research Center of Nanjing University (Nanjing, China) and
housed in a room with conditions of 22°C, 50-60% humidity
and a 12-h light/12-h dark cycle. Water and food were always
accessible and were checked every day. A375 cells depleted
of USP22 or USP22/YAP (2x10%each site) were resuspended
in 100 ul PBS and mixed with Matrigel (cat. no. 354234; 1:1;
Corning, Inc.), and were injected subcutaneously into the two
front flanks of 5-week-old immunodeficient NOD-SCID male
mice with a body weight of 20-22 g. In total, 15 mice were used,
with 5 mice in each group, including group I (shGFP; negative
control), group II (shUSP22) and group III (shUSP22+shYAP).
Tumor size was measured every 3 days and tumor volumes
were calculated using the following equation: L x W?x 0.52
(where L is length and W is width). At the endpoint, the mice
were euthanized with CO, in the chamber for 5 min with a
displacement rate at 40% of the chamber volume per min,
followed by decapitation to confirm death before being placed
in the freezer.

Statistical analysis. The RT-PCR assays, luciferase reporter
assays, cell proliferation and cell viability assays were
performed three times. The data are shown as mean + stan-
dard deviation. P<0.05 was considered to indicate a
statistically significant difference between groups, which
was analyzed by one-way ANOVA followed by Tukey's
post hoc test for multiple comparisons or Dunnett's test
for comparisons against a single control, using GraphPad
Prism 8 (GraphPad Software, Inc.). In total, 90 melanoma
tissue samples were used in the IHC staining assay and data
are shown as the relative percentage of cases containing
different staining intensities. P<0.05 was considered to indi-
cate significant differences, as analyzed by Fisher's exact test
using GraphPad Prism 8. For the xenograft assay, the data are
shown as mean =+ standard error of the mean.

Results

Expression of USP22 and YAP is associated in melanoma.
USP22 is frequently overexpressed and associated with poor
prognosis in various human cancer types (33-36). Notably,
metastatic melanoma displays much higher expression of
USP22 compared with the primary tumor, indicating it may
play an important role in melanoma progression (37). Given
that the protein levels of YAP are also increased in most mela-
nomas (38), the present study investigated whether there was a
possible link between USP22 and YAP. First, the protein levels
were analyzed in melanoma cell lines. Compared with NHEM,
all melanoma cell lines examined exhibited higher expression
of USP22 and YAP. Notably, cells with higher protein levels
of USP22 also displayed higher expression of YAP (Fig. 1A).
Consistent with this result, IHC staining showed that both
USP22 and YAP were highly expressed in ~50% of patient
samples. Moreover, high expression of USP22 was associated

with high expression of YAP (Fig. 1B and C; P<0.0001). These
results suggested that elevated expression of USP22 and YAP
coexisted in melanoma.

USP2?2 interacts with and deubiquitinates YAP. As a DUB,
USP22 interacts with its substrates to remove the ubiquitin
moieties (39). Having demonstrated crosstalk between USP22
and YAP, it was investigated whether USP22 functioned as
a YAP deubiquitinase. Using IP assays, USP22 interaction
with YAP at the endogenous level in A375 melanoma cells
was observed (Fig. 2A and B). Consistently, knockdown of
USP22 by shRNA in A375 cells markedly increased YAP
ubiquitination (Fig. 2C). On the other hand, overexpression of
USP22-WT, but not the enzymatic-dead form USP22-C185S,
decreased YAP ubiquitination (Fig. 2D). These results
suggested that USP22 was a deubiquitinase of YAP, which
decreased YAP ubiquitination in melanoma cells.

USP22 stabilizes YAP protein. For most of its substrates,
USP22 increases the protein stability by antagonizing ubiq-
uitination-mediated protein degradation (40). To determine
the important role of USP22 in governing YAP abundance,
USP22 was overexpressed in A375 cells and it was found that
YAP expression was elevated in a USP22 dose-dependent
manner (Fig. 3A). By contrast, knockdown of USP22 by
shRNA decreased YAP protein levels, but not mRNA levels
(Fig. 3B and C; P>0.05). Consistently, knockdown of USP22
shortened the half-life of YAP protein in a cycloheximide
chase assay (Fig. 3D). These results supported the notion that
USP22 functions as a deubiquitinase to stabilize YAP protein.

USP22 promotes melanoma mainly through YAP. As a
transcriptional activator, YAP exerts its oncogenic functions
by promoting the transcription of downstream target genes,
such as CTGF and Cyr61 (41). To assess the effect of USP22
on YAP transactivation, luciferase assays were performed
using a YAP-responsive luciferase reporter system (42), and
it was found that the reporter was significantly suppressed in
USP22-knockdown cells (Fig. 4A and B; P<0.01). Moreover, the
reporter activity was similar in cells depleted with USP22 alone
or both USP22 and YAP (Fig. 4A and B; P>0.05). Consistently,
USP22-knockdown significantly suppressed the mRNA levels
of YAP downstream target genes (Fig. 4C; P<0.01), including
CTGF and Cyr61, while there was no further reduction when
combined with YAP depletion (Fig. 4C; P>0.05). These results
indicated that USP22 controlled YAP-dependent transcription.
The biological function of USP22-mediated stabilization of
YAP in melanoma was investigated. It was found that silencing
USP22 in A375 cells significantly suppressed cell proliferation
(Fig. 4D; P<0.01). Moreover, there was no synergistic effect on
cell proliferation when both USP22 and YAP were depleted
(Fig. 4D; P>0.05), suggesting that USP22 promoted cell
proliferation largely through YAP. To obtain in vivo evidence
supporting this notion, mouse xenograft experiments were
performed using A375 cells. Notably, depletion of USP22
alone displayed similar tumor inhibition effects as depletion
of both USP22 and YAP (Fig. 4E and F). Together, these
results suggested that YAP was a major downstream effector
mediating the oncogenic function of USP22 in melanoma
progression.
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Figure 1. Elevated expression of USP22 and YAP in melanoma. (A) Analysis of USP22 and YAP expression in melanoma cell lines using western blotting.
(B) Representative images of immunohistochemical staining for the expression of USP22 and YAP in tissues from patients with melanoma. Since the staining
intensity between low and high was considered as medium, the range of medium is relatively wide, and no representative image was provided. Scale bar,
50 uM. (C) Statistical analysis of the protein levels of USP22 and YAP in melanoma samples. P<0.0001 indicates comparison among three groups with low,
medium and high expression of USP22. YAP, yes-associated protein; USP22, ubiquitin-specific peptidase 22; IB, immunoblot.
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Figure 5. USP22 dictates cellular sensitivity to the BRAF inhibitor vemurafenib. (A) Western blot analysis of YAP expression in A375 and A2058 cells
transfected with EV or HA-YAP construct. (B) Cell survival of A375 and A2058 cells generated in (A). (C) Western blot analysis of YAP expression in A375
and A2058 cells depleted of YAP. (D) Cell survival of A375 and A2058 cells generated in (C). Cells were treated with 1 uM vemurafenib for 24 h. (E) Western
blot analysis of YAP and USP22 expression in A375 and A2058 cells expressing EV or USP22 and/or YAP shRNA. (F) Cell survival of A375 and A2058
cells generated in (E). (G) Western blot analysis of A375 and A2058 cells generated in (E) that were treated with 1 xM vemurafenib for 24 h. (H) Western
blot analysis of YAP and USP22 expression in A375 and A2058 cells depleted of USP22 and/or YAP. (I) Cell survival of A375 and A2058 cells generated in
(H) P<0.01 vs. EV, USP22 or shGFP. YAP, yes-associated protein; USP22, ubiquitin-specific peptidase 22; sh, short hairpin; n.s., non-significant; cPARP,

cleaved PARP; EV, empty vector; IB, immunoblot.

USP22 confers resistance to vemurafenib in melanoma cells.
Different cell lines were generated to test the contribution of
USP22 and YAP in vemurafenib resistance. These included
cells transfected with EV (pcDNA3.1) or HA-YAP (Fig. 5A),
cells infected with shGFP or shYAP virus (Fig. 5C), cells

expressing EV (pcDNA3.1) or USP22 and/or shYAP (Fig. 5E)
and cells infected with sShGFP, shUSP22 or shUSP22 + shYAP
(Fig. 5H). Consistent with earlier reports where the elevation
of YAP expression contributed to resistance to BRAF-targeted
therapy in melanoma (24,25), the present study reported that
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compared with ectopic expression of EV, ectopic expression of
YAP promoted cell survival following vemurafenib treatment
(Fig. 5B; P<0.01). By contrast, depletion of YAP decreased
viability when treated with vemurafenib (Fig. 5D; P<0.01).
Notably, compared with ectopic expression of EV (pcDNA3.1),
ectopic expression of USP22 suppressed vemurafenib-induced
cell death, which could be reversed by YAP-silencing
(Fig. 5F; P<0.01). Moreover, upon vemurafenib treatment,
the protein levels of apoptosis marker cPARP were lower in
USP22-overexpressed cells compared with EV-treated cells
(Fig. 5G). Furthermore, cells depleted of USP22 or depleted of
USP22 plus YAP exhibited similar sensitivity to vemurafenib
(Fig. 51). These data suggested that USP22 dictated cell sensi-
tivity to the BRAF inhibitor vemurafenib via YAP.

Discussion

Ubiquitination can be reversed by deubiquitinating enzymes
that remove ubiquitin from targets to regulate protein activity
and stability. In humans, there are ~100 DUBs, which belong
to five sub-families: USPs (the largest subfamily), ovarian
tumor proteases, ubiquitin carboxy-terminal hydrolases,
Machado-Joseph disease protein domain proteases and
JAB1/MPN/Mov34 metalloenzyme domain metalloprote-
ases (43). As the antagonist of ubiquitination, DUBs play
important roles in numerous cellular processes, including
transcription, DNA repair, protein degradation and signaling
transduction. DUBs can be an oncogenes or tumor suppres-
sors depending on their substrates or context. Dysregulation of
DUBEs is associated with various human diseases ranging from
cancer to neurological disorders (44,45).

USP22 is a member of the USP family, which is evolu-
tionarily conserved from yeast to humans; it contains a
zinc finger domain at the N-terminus that binds other three
components to form the deubiquitinating module. The cata-
lytic domain is located at the C-terminus (46). USP22 was
initially reported to promote deubiquitylation of histones
H2A and H2B, leading to transcription activation (47).
USP22 also deubiquitinates non-histone proteins, including
telomeric repeat-binding factor 1 (TRF1), sirtuin 1 (SIRT1),
cyclin Bl and others (40), leading to protein stabilization by
preventing proteasome-mediated degradation. For example,
USP22 promotes TRF1 deubiquitylation to enhance TRF1
protein stability and maintain telomere integrity (48). In the
present study, it was revealed that USP22 specifically inter-
acted with and deubiquitinated YAP. Moreover, depletion
of USP22 decreased YAP protein expression. As a result,
USP22-knockdown significantly suppressed melanoma cell
proliferation and tumor growth in a xenograft mouse model,
which was similar to YAP-knockdown. Therefore, the current
findings indicated that YAP may be a critical downstream
mediator of USP22 in tumorigenesis. However, the substrate
and ubiquitin chain specificity for USP22 is unknown, which
will be an interesting research topic in the future. The present
identification of YAP as its novel substrate might provide
insight into this puzzle.

USP22 is largely considered as an oncoprotein, which is
frequently overexpressed in several types of cancer, including
lung cancer, pancreatic cancer, salivary adenoid cystic carci-
noma, prostate cancer and liver cancer, and associated with

poor overall survival (49-52). It was reported that USP22
promoted lung cancer by regulating pathways of ubiquitina-
tion and immunosuppression (33). USP22 also deubiquitinated
and stabilized CDC274 (PD-L1) to decrease the efficacy of
CD274-targeted immunotherapy in mice (53). Furthermore,
USP22 facilitated prostate cancer progression through
enhancing androgen receptor- and Myc-driven oncogenic
signaling pathways (34). Similarly, overexpression of YAP
was associated with poor patient survival in numerous types of
cancer, including colon cancer, lymph node metastatic mela-
noma and pancreatic cancer (54-56). Moreover, the Human
Protein Atlas project also showed that higher expression of
USP22 and YAP is associated with decreased survival in
patients with melanoma (57). The present study also observed
that USP22 was highly expressed in patients with melanoma
via unknown molecular mechanisms. Moreover, higher USP22
expression was positively associated with higher YAP expres-
sion in melanoma cell lines and patient samples. The current
findings provide a possible molecular mechanism for aberrant
YAP expression in melanoma. USP22 has been reported to
be regulated at both transcriptional and post-translational
levels. For example, SP1 and protein kinase A/cAMP response
element-binding protein could bind to the USP22 promoter to
suppress or promote USP22 transcription, respectively (58,59).
Phosphorylation of T147 and S237 by cyclin-dependent kinase
1 or acetylation of K129 leads to enhanced USP22 deubiquiti-
nase activity (60,61). Moreover, anaphase-promoting complex
cell division cycle protein 20 (APCCP¢%%), an E3 ubiquitin
ligase, promotes USP22 degradation in a cell cycle-dependent
manner (61). It will be interesting to determine whether
APCCP® or other mechanisms contribute to USP22 and YAP
overexpression in melanoma.

Another notable finding in the current study was that overex-
pression of USP22 resulted in resistance to the BRAF inhibitor
vemurafenib. One of the milestones in the melanoma research
field was the discovery of the BRAF-V600E mutation, leading
to the rapid development of targeted therapies to improve
overall survival rate for patients with melanoma (14,62).
However, acquired resistance to these targeted therapies also
emerged due to different mechanisms. For example, additional
genetic alteration was considered the main mechanism, which
led to the recovery of the MAPK pathway and activation of
PI3K/Akt/mTOR signaling (63). Notably, in a genetic screen
that silenced >5,000 targets, YAP stood out to be a critical
determinant of BRAF inhibitor resistance. Deletion of YAP
resulted in the best response to vemurafenib treatment in
various types of cancer cells harboring the BRAF-V600E
mutation (25). Consistently, the present study determined
that USP22 is a key regulator of YAP expression and BRAF
inhibitor resistance in melanoma.

Overall, the current study provided evidence showing that
USP22 functions as the deubiquitinase to govern YAP ubiqui-
tination and protein stability. Overexpression of USP22 lead
to elevation of YAP protein levels and subsequent resistance
to vemurafenib in melanoma. Therefore, the present study
provided a molecular mechanism and rationale for combined
inhibition of USP22/YAP and BRAF as an option for mela-
noma treatment. However, a limitation of the current study was
that most experiments were performed using melanoma cells.
Further studies using animal models, such as USP22-knockout
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mice, are required to demonstrate the critical role of the
USP22/YAP axis in melanoma and BRAF inhibitor resistance.
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