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Abstract

Advanced cutaneous melanoma is one of the most challenging
cancers to treat because of its high plasticity, metastatic potential,
and resistance to treatment. New targeted therapies and immu-
notherapies have shown remarkable clinical efficacy. However,
such treatments are limited to a subset of patients and relapses
often occur, warranting validation of novel targeted therapies.
Posttranslational modification of proteins by ubiquitin
coordinates essential cellular functions, including ubiquitin-
proteasome system (UPS) function and protein homeostasis.
Deubiquitinating enzymes (DUB) have been associated to mul-
tiple diseases, including cancer. However, their exact involvement
in melanoma development and therapeutic resistance remains
poorly understood. Using a DUB trap assay to label cellular active
DUBs, we have observed an increased activity of the proteasome-
associated DUB, USP14 (Ubiquitin-specific peptidase 14) in

melanoma cells compared with melanocytes. Our survey of
public gene expression databases indicates that high expression
of USP14 correlates with melanoma progression and with a
poorer survival rate inmetastaticmelanomapatients. Knockdown
or pharmacologic inhibition of USP14 dramatically impairs via-
bility of melanoma cells irrespective of the mutational status of
BRAF, NRAS, or TP53 and their transcriptional cell state, and
overcomes resistance to MAPK-targeting therapies both in vitro
and in human melanoma xenografted mice. At the molecular
level, we find that inhibition of USP14 rapidly triggers accumu-
lation of poly-ubiquitinated proteins and chaperones, mitochon-
drial dysfunction, ER stress, and a ROS production leading to a
caspase-independent cell death. Our results provide a rationale
for targeting the proteasome-associated DUB USP14 to treat and
combat melanomas. Mol Cancer Ther; 17(7); 1416–29. �2018 AACR.

Introduction
Cutaneous melanoma is an aggressive type of skin cancer

whose incidence increases worldwide. It is recognized for its
propensity for early and extensive metastatic spread and seen as
one of the most virulent and refractory form of human

advanced cancers. Melanoma develops from the pigment-pro-
ducing melanocytes in the epidermis (1). Tumor progression is
accompanied by driver mutations affecting the BRAF and NRAS
genes (in 50% and 20% of melanoma, respectively) leading to
constitutive activation of the MEK/ERK MAPK pathway. Other
genetic and epigenetic changes, as well as the tumor microen-
vironment, affect the survival and proliferation of melanoma
cells by altering several signaling pathways. The majority of
melanomas undergo an epithelial-to-mesenchymal (EMT)-like
transition to acquire a mesenchymal motile phenotype asso-
ciated with a drug-tolerant state and metastatic abilities (1–3).
Melanomas also exhibit a high level of differentiation state
plasticity and intratumor heterogeneity, which is an obstacle to
therapeutic success and a source of relapse (4–6). Immu-
notherapies and therapies targeting mutant BRAF and MEK
have led to improved survival in patients with metastatic
disease (2, 7). Nevertheless, drug resistance to BRAF/MEK
inhibition invariably develops within 6 to 12 months of treat-
ment. Relapses are generally associated with acquired resistance
linked to NRAS mutations that reactivate the MAPK pathway
and activation of parallel signaling pathways such as the PI3K/
AKT pathway (2, 5). The long-term prognosis of metastatic
melanoma is still very poor for most patients, underscoring the
need for novel therapeutic options (2, 8). Beside, no targeted
treatments currently exist for patients whose tumors are wild-
type for BRAF, including NRAS-mutant melanomas.
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In cancer cells, accumulation of genetic mutations, aneuploidy,
and chromosomal alterations, together with a high proliferative
index, increases protein synthesis and cell addiction to mechan-
isms controlling protein homeostasis, including the heat shock
and unfolded protein responses, autophagy, and endo-lysosomal
degradativepathways, and theubiquitin-proteasomesystem(UPS;
refs. 9, 10). Posttranslationalmodificationofproteins byubiquitin
represents a complex signaling system that coordinates essential
cellular functions and protein homeostasis (11). While mono-
ubiquitination is rather involved in the modification of protein
activity and intracellular transport, poly-ubiquitination, with a
K48 linkage, is the main mechanism responsible for the degrada-
tion of cellular proteins by the UPS system. This system encom-
passes a proteolyticmachinery (the 26Sproteasome) anda cascade
of enzymes (E1, E2, and E3) capable of activating ubiquitin
residues and adding them to the target proteins (12). Illustrating
the importance of the UPS in melanoma, high levels of Skp2, an
F-box protein of the ubiquitin ligase complex SCF, have been
associated with p53-dependent proliferation (13), and inactiva-
tion of the E3 ligase FBXW7 leads to sustained accumulation of
NOTCH1, thereby accelerating tumor development (14). We have
also shown that the matricellular protein SPARC controls a sig-
naling circuit from the tumor microenvironment leading to
proteasome-mediated degradationof p53 via the E3 ligaseMDM2,
which confers survival advantage to melanoma cells (15). The
enzymatic reaction,whichopposes the conjugationofubiquitinby
E3 ligases, consists of the deubiquitination by deubiquitinating
enzymes (DeUBiquitinases or DUBs). DUBs represent ubiquitin-
specific cysteine proteases that can cleave one or more ubiquitin
molecules on target proteins, or even the entire poly-ubiquitin
chain (16, 17). The expression or abnormal activity of DUBs has
been demonstrated in pathologic situations, including cancer and
their druggable activity, is now considered for development of
novelmolecular therapies (18, 19). SeveralDUBshave been linked
to melanoma progression and response to therapy, including
USP13 (20), USP5 (21), and recently, USP9X as an important
regulator of NRAS expression (22). Some DUBs, such as UCHL5
and USP14 (Ubiquitin-specific peptidase 14) are direct compo-
nents of the proteasome, and their pharmacologic targeting by
compounds such as b-AP15 and VLX1570 has a major impact on
cancer proteostasis and immunoreactivity (23–25). USP14 is an
essential regulator of the proteasome (26, 27) that control the
deubiquitination of poly-ubiquitinated substrates addressed to
the proteasome (28). The function of USP14 in promoting cell
growth and viability in diverse type of cancers, such as acute
myeloid leukemia (23), multiple myeloma (29), squamous and
colon carcinoma (23), andbreast cancer (30), hasbeen recognized.
In this context, the recent observation that Akt activates USP14 to
control the ubiquitin–proteasome system (31) further underlies
the involvement of USP14 in tumorigenesis. However, its role in
the malignancy of melanoma remains poorly understood.

In this study, using a combination of biochemical, genetic, and
pharmacologic approaches, we found that targeting USP14
impairs melanoma cell viability irrespective of the mutational
status, and overcomes resistance to targeted therapies in vitro and
in vivo. Mechanistically, inhibition of USP14 resulted in a caspase-
independent cell death associated with accumulation of poly-
ubiquitinated proteins and chaperones, ROS production, mito-
chondrial dysfunction, and ER stress. Our results show that the
proteasome-associated DUB USP14 represents a promising ther-
apeutic target in melanoma.

Materials and Methods
Cell and reagents

Thehumanmelanoma cell linesA375, 1205lu, andMeWowere
from ATCC. HMVII cells were from European Collection of
Authenticated Cell Cultures (ECACC). WM164 and WM266–4
cells were purchased from Rockland. SBCL2, WM793, 451lu,
Mel1617 cells and their BRAF inhibitor–resistant derivatives
(451luR and Mel1617R) were provided by Drs. M. Herlyn and
J. Villanueva (The Wistar Institute, Philadelphia, USA) and have
been described previously (33). M229, M238, and M249 cells
and their BRAF inhibitor–resistant sublines were from Dr. R. Lo
(UCLA Dermatology, Los Angeles, USA) and have been
characterized previously (34). 501Mel cells were a gift from Dr.
R. Halaban (Yale University School of Medicine, New Haven,
USA) and were described elsewhere (3). All melanoma cell lines
were used within 6 months between resuscitation and experi-
mentation. To guarantee cell line authenticity, cell lines were
expanded and frozen at low passage after their receipt from
original stocks, used for a limited number of passages after
thawing, and routinely tested for the expression of melanocyte-
lineage proteins such as Microphthalmia-Associated Transcrip-
tion Factor (MITF). All cell lines were routinely tested for the
absence of mycoplasma by PCR. A375DR double resistant cell
line variants were generated fromA375 cells by repeated exposure
to BRAF inhibitor PLX4032 (Selleckchem) and ERK inhibitor
SCH772984 (Selleckchem) until the onset of resistance. Patient
melanoma cells (Pt#1 and Pt#2) were a kind gift from Dr. R.
Ballotti (INSERM U1065, Nice, France) and have been described
previously (3). Melanoma cells were cultured in DMEM supple-
mented with 7% FBS (HyClone). Human primary epidermal
melanocytes were isolated from foreskin and maintained as
described previously (32). For in vivo bioluminescence imaging,
451luR-Lucþ cells were obtained by lentiviral transduction
(pLenti6/V5-luciferase; Thermo Fischer Scientific) and blasticidin
selection (2 mg/mL). All cell cultures were grown at 37�C under
5% CO2.

Primers and culture reagents were purchased from Thermo
Fischer Scientific. b-AP15 and VLX1570 were from Merck
Millipore and MedChem Express, respectively. Bortezomib was
from Selleckchem. QVD-OPH was from ApexBio Technology.
Staurosporin, MG-132, N-Acetyl-L-cysteine (NAC), H2O2, and
all other reagents were purchased from Sigma-Aldrich unless
otherwise stated.

Antibodies used were USP14, HSP60, HSP70, p53, p21, ERK2
(Santa Cruz Biotechnology), K48-linkage–specific polyubiquitin
(D9D5), JNK, phospho-JNK (Thr183/Tyr185), p38, phospho-
p38 (Thr180/Tyr182), phospho-Rb (Ser807/Ser811), Caspase
8, CHOP, Tubulin a (Cell Signaling Technology), UCHL5, USP5,
USP7 (Bethyl Laboratories), K63-linkage specific Polyubiquitin
(Abcam), and Bip/GRP78 (BD Biosciences). Peroxidase-conju-
gated anti-rabbit antibodieswere fromCell Signaling Technology.
Peroxidase-conjugated anti-mouse and anti-goat antibodies were
from Dako.

RNAi studies, transfection, and infection studies
siRNAs were purchased from Dharmacon (Thermo Fisher

Scientific). Transfection of siRNA was carried out using Lipofec-
tamine RNAiMAX (Thermo Fisher Scientific) at a final concen-
tration of 25 or 50 nmol/L. Cells were assayed 3 or 6 days
posttransfection. USP14-Flag adenovirus was purchased from
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Vigene Biosciences. Cells were infected for 2 days in DMEM
supplemented with 7% FBS prior treatment.

Cell lysis and immunoblot analysis
Melanoma cells were harvested as described before (35). Cells

were lysed at 4�C in RIPA buffer (Millipore) supplemented with
Pierce Protease and Phosphatase Inhibitor Mini Tablets, and
briefly sonicated. Cell lysates were cleared at 16,000 � g for 15
minutes at 4�C. Whole-cell lysates were subjected to SDS-PAGE
and immunoblot analysis as described previously (35).

DUB trap assay
Cells were lysed in ice-cold buffer containing 50 mmol/L Tris

(pH 7.4), 5 mmol/L MgCl2, 250 mmol/L sucrose, 1 mmol/L
DTT, 2 mmol/L ATP, and 1 mmol/L PMSF and mild sonication.
Lysates were cleared by centrifugation and 30 mg of protein
extracts were incubated for 15 minutes at 37�C with 0.5 mmol/L
HA-Ub-VS (Boston Biochem). After boiling in reducing sample
buffer, labeled cell lysates were subjected to immunoblot
analysis.

Proteasome activity assay
Proteasome activity was determined as described previously

(36). Cells were lysed for 30 minutes at 4�C in ATP-containing
lysis buffer (50 mmol/L HEPES pH 7.8, 5 mmol/L ATP,
0.5 mmol/L DTT, 5 mmol/L MgCl2, 0.2% Triton X-100). Cell
lysates were cleared at 16,000 � g for 15 minutes at 4�C. Ten
micrograms of proteins from each sample were incubated in
96-well plates with 0.1 mmol/L of Z-Leu-Leu-Glu-AMC,
Suc-Leu-Leu-Val-Tyr-AMC, and Ac-Arg-Leu-Arg-AMC fluorogenic
substrates (Enzo Life Sciences) to measure caspase-like, chymo-
trypsin-like, and trypsin activities, respectively. Fluorescence
intensity was measured during 2 hours by following emission at
460 nm (excitation at 390 nm).

Aggresome staining
Aggresome staining was performed using the Proteostat Aggre-

some detection kit (Enzo Life Sciences) according to the manu-
facturer's instructions. Analysis was performed by flow cytometry.

Proliferation assays
Cell proliferation was measured by a MTS conversion assay

using the CellTiter 96 Aqueous Non-Radioactive Cell Prolifera-
tion kit (Promega) according to the manufacturer's instructions
(5 � 103 cells/well). Alternatively, cell growth was assessed by
crystal violet staining on cells seeded in 24-well plates for the
indicated time. After treatment, cells were fixed in PFA 3% during
20minutes, washedwith PBS three times, and stainedwith crystal
violet 0.4% in ethanol 20% for 30minutes. For real-time analysis
of cell growth using an automated IncuCyte Zoom imaging
system (Essen Bioscience), cells were plated in triplicate in com-
plete medium on 96-well plates (5 � 103 cells/well). Phase
contrast images were taken every hour over a 3-day period.
Growth curves were generated using the IncuCyte cell prolifera-
tion assay software based on cell confluence.

Analysis of apoptosis and cell cycle by flow cytometry
Cell-cycle analysis was performed by flow cytometry analysis of

propidium iodide (PI)-stained cells. Following permeabilization
in ice-cold ethanol 70%, cells were stained with 40 mg/mL PI in
PBS supplementedwith 100mg/mLRNAseAbefore analysis using

a BD FACSCanto cytometer. Cell death was evaluated by flow
cytometry following staining with Annexin-V-FITC and PI
(eBioscience) as described previously (37). Alternatively, cells
were seeded in 96-well plates (5 � 103 cells/well) overnight at
37�C.Amixture of compounds andCytotoxGreenReagent (Essen
Bioscience) in complete culture medium was then added to the
cells. Cell death was monitored in real time for 72 hours with
an IncuCyte imaging system. Experiments were carried out
in triplicate.

Measurement of ROS production
Tomeasure ROS levels, cells were stainedwith 10mmol/L of the

redox-sensitive dye CM-H2DCFDA (Thermo Fischer Scientific) in
PBS for 30 minutes at 37�C. Cells were washed with PBS and
resuspended in PBS 5 mmol/L EDTA/1% BSA. ROS production
was analyzed using a MACSQuant Analyzer 10 cytometer
(Miltenyi Biotec).

Measurement of mitochondrial membrane potential
Following treatment, cells were stained with 1 mmol/L tetra-

methylrhodamine (TMRE) inmedia for 15minutes at 37�C. Cells
were washed with PBS and resuspended in PBS, 5 mmol/L EDTA/
1%BSA.MMP levels were analyzed using aMACSQuant Analyzer
10 cytometer (Miltenyi Biotec).

Immunofluorescence analysis
Tumors frozen-section in optimal cutting temperature were

sliced using a Cryostat CM350 (8 mm) and stained using the
Apoptag Red In Situ kit (Millipore) according to the manufac-
turer's instructions. Images were captured on a Leica widefield
microscope (Leica Microsystems).

Real-time quantitative PCR
Total RNA was extracted from cell samples using Nucleospin

RNAII kit (Macherey-Nagel). Reverse transcriptionwas performed
on 1 mg of total RNA in a volume of 20 mL using High capacity
cDNA Reverse Transcription kit (Applied Biosystems). Quantita-
tive PCRwasperformedon20ng cDNAsamples, in sealed96-well
microtiter plates using the Platinum SYBRGreen qPCR Supermix-
UDG w/ROX (Life Technologies) with the StepOnePlus System
(Applied Biosystems). Relative mRNA levels were determined
using the 2DDCt method and ACTB and PPIA as housekeeping
genes. Values are the mean of duplicates and are representative of
two independent experiments.

Gene expression analysis from human databases
Publicly available gene expression data sets from Gene Expres-

sionOmnibus (GEO) database were used to analyzeUSP14 levels
in melanoma progression (GSE3189) and patient outcome
(GSE19234). Normalized data were analyzed using GraphPad
Prism V5.0b software (GraphPad).

In vivo experiments
All mouse experiments were carried out in accordance with

the Institutional Animal Care and the local ethics committee.
For human melanoma xenografts, 5-week-old female athymic
(nu/nu) mice (Harlan) were subcutaneously injected with 1 �
106 BRAF inhibitor–resistant 451luR melanoma cells engi-
neered to express a luciferase reporter (451luR-Lucþ cells) in
100 mL of PBS. After 3 days, mice were injected every 3 days
intraperitoneally with vehicle or 10 mg/kg b-AP15 in 90/1/9
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mix of Labrafil/Tween 80/DMA. At the indicated times, mice
were anesthetized and injected intraperitoneally with 50 mg/kg
D-Luciferin (Perkin Elmer) in PBS. Images were acquired using a
Photon Imager (Biospace Lab) system and data analyzed with
the M3Vision software (Biospace Lab). Tumor growth was
monitored and quantified using bioluminescence imaging
(BLI). The total numbers of photons per second per steradian
per square centimeter were recorded. For BLI plots, photon flux
was calculated for each mouse by using a rectangular region of
interest encompassing the thorax of the mouse in a prone
position. This value was normalized to the value obtained
immediately after injection (15 minutes), so that all mice had
an arbitrary starting BLI signal of 100.

Statistical analysis
Unless otherwise stated, all experiments were repeated at least

three times and representative data/images are shown. Statistical
analysis was performed using the GraphPad Prism software. All
data are presented asmean� SEM. For comparisons between two
groups, P values were calculated using unpaired one-sided t test or
Mann–Whitney test. Statistical significance of the in vivo experi-
ment was calculated with the two-way ANOVA test. P values
of 0.05 (�), 0.01 (��), and 0.001 (���) were considered
statistically significant.

Results
Expression and activity of USP14 in melanoma cells

To identify DUBs that may be involved in melanoma biology,
we used a DUB trap assay with the probe HA-Ub-VS, which
covalently labels with a HA-tagged ubiquitin molecule active
DUBs in cell lysates (ref. 38; Fig. 1A). The DUB trap assays
performed on melanocyte and melanoma cell lysates revealed
an increased activity of severalDUBs inmelanoma cells compared
withmelanocytes. Anti-USP14 immunoblot analysis of the above
DUB trap assays showed that compared with normal melano-
cytes, USP14 activity is significantly increased in melanoma cell
lines 501Mel, 451lu, MeWo, and A375 (Fig. 1B). To further
examine the role of USP14 in melanoma, we used the previously
described USP14 inhibitor b-AP15 (23). b-AP15 efficiently
blocked the activity of USP14 in a dose-dependent manner in
A375 cells (Fig. 1C; Supplementary Fig. S1A), and in 1205lu,
501Mel, SKMel28, and 451lu cells (Fig. 1D). Notably, the DUB
activity ofUCHL5, another target of b-AP15 (29), was not affected
in melanoma cells. Note that the activity of other DUBs, such as
USP5 and USP7, were also not significantly affected by b-AP15
treatment (Supplementary Fig. S1A). Consistent with the effect of
b-AP15, VLX1570, a selective inhibitor of USP14 (39, 40) also
blocked USP14, but not UCHL5, activity in melanoma (Supple-
mentary Fig. S1B and S1C).

To confirm USP14 as a potential target in melanoma, we
assessed USP14 gene expression in annotated NCBI Gene
Expression Omnibus (GEO) datasets comparing patients'
tumors with their normal tissue counterparts and benign
tumors. While USP14 levels were not significantly increased
between normal skin samples and nevi, its expression was
statistically increased in melanomas when compared with both
normal skin and nevi (Fig. 1E). Interestingly, further analysis of
public databases associates high USP14 expression with a lower
probability of survival in patients with metastatic melanoma
(Fig. 1F).

USP14 inhibition has a potent and broad anti-melanoma effect
We next examined the impact of USP14 inhibition on a

collection of melanoma cell lines with diverse mutational
status and metastatic potential (3, 4). These cell lines are also
representative of the three major subtypes of melanoma based
on the frequency of BRAF and NRAS mutations: mutant BRAF,
mutant RAS, and wild-type. The exposure of 1205lu, 501Mel,
and A375 cells to b-AP15 during 48-hour affected cell mor-
phology (Supplementary Fig. S2A) and impaired cell prolifer-
ation in a dose-dependent manner (Fig. 2A). Using the same
approach, we calculated the IC50 of b-AP15 for 22 melanoma
cell lines and short-term cultures to be in a micromolar range
(0.3–3.4 mmol/L; Table 1). Our data show that pharmacologic
inhibition of USP14 by b-AP15 similarly reduced proliferation
of mutant BRAF, mutant RAS, and wild-type melanoma cells.
Treatment with b-AP15 also blocks the proliferation of mela-
noma cells irrespective of the mutational status of TP53, PTEN,
or CDKN2A and of their invasive or proliferative transcriptional
cell state. Real-time imaging further shows that the effect of
b-AP15 on cell proliferation was rapid and compared with what
was observed with the proteasome inhibitor bortezomib or
with VLX1570 (Fig. 2B; Supplementary Fig. S2B). We next
evaluated how b-AP15 affects melanoma clonogenic growth.
As shown in Fig. 2C, 501Mel and A375 cells treated with
b-AP15 were no longer capable of forming colonies when
isolated, compared with untreated cells. Cell-cycle analysis
performed on melanoma cells treated or not with b-AP15 for
24 hours revealed that USP14 inhibition altered cell-cycle
progression and increased cell death as indicated by the appear-
ance of a sub-G1 cell population with reduced DNA content
(9% and 5% for 1205lu and A375 cells, respectively; Fig. 2D).
For comparison, BRAF inhibitor vemurafenib (PLX4032)
caused cell-cycle arrest in the G0–G1 phase.

The impact of b-AP15 on melanoma cell death was con-
firmed through real-time imaging of cell toxicity (Fig. 2E) and
with a flow cytometric analysis of Annexin-V-FITC/PI labeling
of A375 cells treated or not with b-AP15 (Fig. 2F). Data showed
a significant reduction of the viability of A375 cells exposed to
b-AP15 (45%) compared with solvent effect (93%), with
increase in both early and late apoptotic populations. As a
control, treatment with the cell death inducer staurosporine led
to a similar decrease in cell viability (37%). Importantly,
melanoma cell death was induced to similar levels following
incubation with VLX1570 (Supplementary Fig. S2C and S2D).
At the molecular level, immunoblot analysis showed that
USP14 targeting in 1205lu cells altered the expression or
phosphorylation of proteins related to cell proliferation and
apoptosis. Treatment with b-AP15 increased levels of the cell-
cycle inhibitor p21CIP1, while reducing the levels of phos-
phorylated Rb proteins. After 24 hours of treatment, the drug
caused the appearance of active fragments of caspase 3 and the
cleavage of its nuclear substrate PARP (Fig. 2G). Interestingly,
washout experiments performed on A375 and 501Mel cells
further showed that a short exposure to b-AP15 (1 hour)
followed by 23-hour incubation in drug-free medium had an
anti-melanoma action similar to a full exposure to b-AP15 for
24 hours (Supplementary Fig. S2E and S2F), indicating that the
cytotoxic action of b-AP15 in melanoma is rapid and irrevers-
ible, consistent with a previous study (41). Finally, we found
that adenoviral-mediated overexpression of USP14 significant-
ly antagonized the cleavage of PARP induced by an optimal
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dose of b-AP15 (2 mmol/L), suggesting that the cytotoxicity of
b-AP15 on melanoma cells was largely not due to an off-target
effect (Supplementary Fig. S3). Together, these observations

demonstrate that the pharmacologic inhibition of USP14 has a
potent anti-melanoma effect irrespective of mutational status
of oncogenes and gene expression signatures.

Figure 1.

Expression and activity ofUSP14 inmelanoma cells.A,Principle of the in vitro labelingmethod of activatedDUBsby the suicide substrateHA-Ub-VS (DUB trap assay).
B, Comparison of DUB activity between normal human melanocytes (NHM) and melanoma cells using DUB trap assay. Lysates of the indicated cells were
incubated at 37�Cwith theHA-Ub-VS probe and analyzed by anti-HA, anti-USP14, and anti-ERK2 immunoblots. The active formofUSP14 is indicated (USP14-Ub-HA).
C, Inhibition of USP14 activity in A375 cells by increasing doses of b-AP15 measured by DUB trap assay and anti-USP14 and anti-UCHL5 immunoblot.
D, Inhibition of USP14 activity in 1205lu, 501Mel, SKMel28, and 451lu cells by b-AP15 (2 mmol/L) measured by DUB trap assay and anti-USP14 immunoblot.
Anti-ERK2 was used as a loading control. E, Analysis of public bioinformatic dataset (GSE3189) associates USP14 gene expression with melanoma progression.
F, Survival curves of metastatic melanoma patients with high versus low levels of USP14 gene expression (P ¼ 0.0203). Data were collected from publicly
available dataset (GSE19234).
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USP14 inhibition has a potent and broad anti-melanoma effect. A, Inhibition of USP14 reduces the proliferation of 1205lu, A375, and 501Mel cells.
MTS assay on cells treated for 48 hours with increasing doses of b-AP15 (0.01–10 mmol/L). B, Growth curve of A375 treated with b-AP15 (2 mmol/L) or bortezomib
(BTZ, 1 mmol/L). Data were acquired during 3 days with an IncuCyte zoom imaging system. C, Clonogenicity assay on A375 and 501Mel cells treated with
DMSO or with b-AP15 (2 mmol/L, 1 or 24 hours) and seeded at 20,000 cells/well. Colonies were then fixed and stained with crystal violet. D, Effects of b-AP15
on melanoma cell-cycle progression. A375 and 1205lu cells were treated with b-AP15 (2 mmol/L) for 24 hours, fixed in 70% ethanol, and labeled with
propidium iodide (PI). Cell DNA content was analyzed by flow cytometry. The different phases of the cell cycle are indicated. A treatment with vemurafenib
(PLX, 1 mmol/L) is shown as control. Results are representative of three independent experiments. E, Cytotoxic effect of b-AP15 on melanoma cell. A375 cells were
treated with b-AP15 (2 mmol/L) or bortezomib (BTZ, 1 mmol/L), and stained with cytotox green reagent (100 nmol/L). Data were acquired in triplicate during 3 days
with an IncuCyte zoom imaging system. F, Effect of b-AP15 on melanoma cell survival. A375 cells treated or not with b-AP15 (2 mmol/L, 24 hours) were
labeled with Annexin V-FITC and PI and analyzed by flow cytometry. The percentages indicate the different forms of cell death. A treatment with
Staurosporine (1 mmol/L) is shown as control. Data are representative of three independent experiments. G,Western blot analysis of proteins involved in cell-cycle
regulation and apoptosis on lysates from 1205lu cells treated with b-AP15 (2 mmol/L) for the indicated times. Membranes were probed with antibodies
against phosphorylated Rb, p21CIP1, caspase 3, and cleaved PARP. Anti-ERK2 was used as a loading control.
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Depletion of USP14 in melanoma reduces cell survival
We next used a genetic approach based on siRNAs targeting

USP14 to study the effects of USP14 depletion on melanoma cell
survival. Compared with nontargeting siRNA, two siRNA
sequences (siUSP14 #1 and # 2) targeting USP14 efficiently
decreased USP14 expression and similarly decreased the phos-
phorylation of Rb following 3 days of transfection in 1205lu cells
(Fig. 3A). Real-time imaging shows that USP14 knockdown
impaired the proliferation of melanoma cell lines A375 and
501Mel (Fig. 3B; Supplementary Fig. S4A). We then studied the
impact of USP14 depletion onmelanoma focus formation. Com-
paredwith cells transfectedwith control siRNA, A375 and 501Mel
cells transfected with USP14 siRNA were no longer capable of
forming colonies after 7 days (Fig. 3C; Supplementary Fig. S4B
and S4C). Consistent with this, cell-cycle analysis performed on
USP14-depleted 1205lu cells showed that suppression of USP14
for 6 days altered cell-cycle progression and massively increased
cell death as indicated by the appearance of a sub-G1 cell pop-
ulation with reduced DNA content (Fig. 3D). Induction of cell
death caused by USP14 knockdown in melanoma cells was
further confirmed on USP14-depleted cells stained by Annexin-
V-FITC/PI (Fig. 3E) and by immunoblot analysis revealing that
USP14 depletion, which reduced Rb phosphorylation, also led
to the cleavage of caspase 3 and its substrate PARP, two markers
of apoptosis (Fig. 3F). These data confirm that USP14 is an
important regulator of melanoma cell survival.

Molecular mechanisms underlying USP14 inhibition
To clarify howUPS14 regulatesmelanoma cell survival, we first

assessed the importance of the caspase-mediated apoptotic pro-
cess in the cytotoxicity of b-AP15. Flow cytometry analysis of
Annexin-V and PI staining performed on cells treatedwith b-AP15
in the presence or not of the pan-caspase inhibitor QVD-OPh

showed that melanoma cell death induced by b-AP15 took place
independently of caspase activity (Fig. 4A and B; Supplementary
Fig. S5A). USP14 is a DUB predominantly associated with the
proteasome,where it cleaves the poly-ubiquitin chains of proteins
that are addressed to the proteasome (23, 28). In myeloma cells,
USP14 inhibition has been shown to trigger the accumulation of
poly-ubiquitinated proteins and an ER stress response (29). We
therefore examined how USP14 inhibition affects these events in
melanoma cells. Treatment of melanoma cells with b-AP15
induced a rapid accumulation of K48-linked poly-ubiquitinated
proteins (Fig. 4C; Supplementary Fig. S6A and S6B), and to a less
extent accumulation of K63-linked poly-ubiquitinated proteins
(Supplementary Fig. S6C). Targeting USP14 also resulted in the
phosphorylation of the stress-related kinases p38 and JNK, and in
the upregulation of ER stress–induced proteins Bip/GRP78 and
CHOP, as well as in the increased expression of the chaperone
HSP70 (Fig. 4C; Supplementary Fig. S6D). Using qRT-PCR
analysis, we confirmed that USP14 inhibition in melanoma cells
triggered a potent ER stress response as shownby the upregulation
of DDIT3/CHOP, HSPA5/GRP78, GADD34, ATF4, and the
appearance of the spliced form of XBP1 mRNA (Fig. 4D). Flow
cytometry analysis revealed that treatment of melanoma cells
with b-AP15 triggered a rapid burst of ROS (Fig. 4E), associated
with mitochondrial membrane depolarization (Fig. 4F). Impor-
tantly, the ROS scavenger NAC counteracted the anti-melanoma
effect of b-AP15 (Supplementary Fig. S5B). Interestingly, com-
pared with bortezomib, b-AP15 did not significantly affect
proteasome-associated proteolytic activities (Fig. 4G), nor induce
the formation of protein aggresomes (Fig. 4H). Our data indicate
that targeting USP14 leads to a caspase-independent cell death
associated with accumulation of poly-ubiquitinated proteins
and chaperones, ER stress, ROS production, and mitochondrial
dysfunction.

Table 1. b-AP15 has a potent anti-melanoma effect irrespective of mutational status, gene expression signatures, and acquired drug resistance

b-AP15
Type Mutation(s) Resistance IC50 (mmol/L)

Cell line
SBCL2 RGP BRAFa None 0.4
WM793 VGP BRAFV600E/PTENa None 0.3
WM164 MET BRAFV600E/CDKN2Aa None 0.9
WM266–4 MET BRAFV600D/PTENa None 0.5
MeWo MET TP53a/CDKN2Aa/NF1a None 0.7
HMVII MET NRASa None 1.8
501Mel MET BRAFV600E None 0.5
1205lu MET BRAFV600E/PTENa None 0.3
451lu MET BRAFV600E/TP53a None 0.9
451luR MET BRAFV600E/TP53a/? Dabrafenib 1.3
M229 MET BRAFV600E/PTENa None 0.9
M229R MET BRAFV600E/PTENa/RTKa Vemurafenib 0.9
M238 MET BRAFV600E/PTENa None 1.6
M238R MET BRAFV600E/PTENa/RTKa Vemurafenib 0.4
M249 MET BRAFV600E/PTENa None 2.0
M249R MET BRAFV600E/PTENa/NRASa Vemurafenib 3.0
Mel1617 MET BRAFa/TP53a None 1.4
Mel1617R MET BRAFa/TP53a/? Vemurafenib 0.9
A375 MET BRAFV600E/CDKN2Aa None 0.6
A375DR MET BRAFV600E/CDKN2Aa/? Vemurafenib/ERKi 1.3

Short-term cultures
Pt#1 MET ? None 3.4
Pt#2 MET ? None 1.7

NOTE: IC50 (mmol/L) of b-AP15 treatment on melanoma cell proliferation was determined after 48 hours by a MTS conversion assay.
Abbreviations: MET, metastasis; RGP, radial growth phase; RTK, receptor tyrosine kinase; VGP, vertical growth phase.
aGene mutation or alteration.
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Targeting USP14 overcomes resistance to BRAFV600E
inhibitors

Acquired resistance to MAPK signaling–targeted drugs remains
a clinical challenge in the treatment of advancedmetastatic BRAF-
mutated melanomas. Therefore, we examined the impact of
USP14 inhibition in melanoma cells resistant to BRAFV600E
inhibitors (BRAFi). We first used two resistant cell lines that were
isolated from parental BRAFV600E melanoma cells following
chronic treatment with vemurafenib (isogenic pair M229 and
M229R) or dabrafenib (isogenic pair 451lu and 451luR; Fig. 5A;
refs. 33, 34). Inhibition of USP14with b-AP15 potently decreased
cell proliferation of BRAFi-resistant cells M229R and 451luR, in a

range of concentration that was comparable with their parental
counterparts (Fig. 5B). Consistent with this, a DUB trap assay
performed on lysates from the two pairs of cells showed that
USP14 activity was slightly increased between BRAFi-sensitive
and BRAFi-resistant cells (Fig. 5C). We extended these observa-
tions to additional isogenic pairs of cells sensitive and resistant to
BRAFi through distinct mechanisms (Table 1). Using cell prolif-
eration assays, we calculated the IC50 of b-AP15 on sensitive and
BRAFi-resistant cells and we found that b-AP15 blocked prolif-
eration of vemurafenib- or dabrafenib-resistant cells with an
efficacy not significantly different to what is observed on the
respective parental BRAFi-sensitive cells. Notably, BRAFi-resistant
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siRNA-mediated depletion of USP14
reduces melanoma cell survival. A,
1205lu cells were transfected with
50 nmol/L of siRNAs targeting USP14
(siUSP14 # 1 and # 2) or 50 nmol/L of
control siRNA for 3 days. The
expression of USP14 and the
phosphorylation of Rb were analyzed
by Western blot analysis after 5 days
of transfection. Anti-HSP90 was used
as a loading control. B, Growth curve
of A375 transfected with siRNA
control or targeting USP14 (siUSP14
#2; 50 nmol/L each). Data were
collected in triplicate for the indicated
times using an IncuCyte Zoom
imaging system. C, Clonogenicity
assays performed on A375 cells
transfected with control siRNA or
USP14 targeting USP14 (siUSP14 #2;
50 nmol/L each), reseeded at 2,000
cells/well and grown for 7 days.
Colonies were labeled with crystal
violet. An immunoblot against USP14
is shown as transfection control. D,
Effects of USP14 knockdown on
melanoma cell-cycle progression.
1205lu cells were transfected with
control siRNA or siUSP14 #2 for 3 or
6 days, fixed in 70% ethanol, and
labeled with PI. Cell DNA content was
analyzed by flow cytometry. The
different phases of the cell cycle are
indicated. Results are representative
of two independent experiments. E,
USP14 knockdown reduces melanoma
cell survival. A375 cells were
transfected with control siRNA or
siUSP14 #2 for 3 days, labeled with
Annexin V-FITC and PI, and analyzed
by flow cytometry. The percentages
indicate the different forms of cell
death. A treatment with staurosporine
(1 mmol/L, 24 hours) is shown as
control. F, Western blot analysis of
lysates from A375 cells transfected
with control or USP14 siRNA for 3 days.
Membranes were probed with
antibodies against USP14,
phosphorylated Rb, caspase 3, and
cleaved PARP. Anti-HSP60 was used
as a loading control.
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cells were efficiently targeted by b-AP15 regardless of the molec-
ular mechanisms of acquired resistance. Importantly, USP14
inhibition efficiently decreased the viability of A375 melanoma
cells with acquired resistance to dual BRAF and ERK inhibition
(A375DR cells; Table 1). A colony formation assay carried out on
451lu and 451luR cells further confirmed that b-AP15 could
suppress melanoma focus formation independently of acquired
resistance to BRAFi (Fig. 5D). Mechanistically, inhibition of
USP14 in melanoma cells induced molecular events, including
accumulation of K48-linked poly-ubiquitination, decreased Rb
phosphorylation, increased p38 phosphorylation, and ER stress
response that were indistinguishable between BRAFi-sensitive
and BRAFi-resistant cells (Fig. 5E). Our data show that melanoma
cell treatment with b-AP15 can overcome resistance to drugs
targeting oncogenic BRAF signaling pathway.

Antitumor activity of b-AP15 in a preclinical mouse model of
melanoma

To further validate the anti-melanoma activity of b-AP15
observed in vitro, we used a xenograft mousemodel of melanoma
development in which the BRAFi-resistant cell line 451luR stably
expressing the luciferase gene (451LuR-lucþ cells) were injected
subcutaneously into nude mice (Fig. 6A). After 3 days, mice were
divided into two groups: one groupwas injected intraperitoneally
with b-AP15, while the other group was injected with vehicle
alone. Bioluminescence analysis of tumor growth showed a
marked decrease in melanoma burden in b-AP15- versus vehi-
cle-treated mice (Fig. 6B). The effect of b-AP15 treatment was
already observable after 10 days and maintained up to day 35 of
the experiment, as evidenced by BLI and the measurement of the
tumor size at endpoint (Fig. 6C). Immunostaining of tumor
sections also confirmed the effect of b-AP15 in vivo, with increased
apoptosis-related DNA fragmentation in treated mice (Fig. 6D).
Importantly, the doses of b-AP15 received by the animals were
well tolerated, as noweight loss was observed during the course of
the study (Fig. 6E). Our data thus reveal a potent in vivo anti-
melanoma activity of b-AP15 and further suggest that targeting
USP14 could represent a novel tool to treat melanoma that have
acquired resistance to targeted therapy.

Discussion
Despite the recent introduction of immunotherapies and drugs

targeting the MAPK pathway, advanced melanomas remain asso-

ciatedwith poor prognosis and as such a clinical challenge. Efforts
to identify novel arms to combat metastatic resistant disease are
thus warranted. Here we show that the DUB activity of USP14 is
specifically elevated during the neoplastic progression of mela-
nocytes to malignant cells. Besides, analysis of public databases
first establishes a correlation betweenUSP14 expression and poor
outcome inhumanmelanoma. Together, ourfindings support the
notion that USP14 may be pathologically relevant in melanoma.

USP14 is one of the twoDUBs that reversibly associate with the
19S regulatory particle of the proteasome (42), to promote the
deubiquitination of poly-ubiquitinated substrates addressed to
the proteasome (28). The important role of USP14 in regulating
proteostasis has been implicated in several types of cancer,
including hematologic and solid tumors (23, 24, 29, 30). Our
study now identifies USP14 as a key regulator of melanoma cell
survival and targeting USP14 with the selective inhibitor b-AP15
and its derivative VLX1570 drastically reduces tumor cell prolif-
eration. Importantly, USP14 inhibition efficiently impairs mela-
noma cell viability regardless of the mutational status of the
oncogenic proteins BRAF and NRAS and of the tumor suppressor
genes TP53 and PTEN. These findings could have important
clinical consequences formelanoma patients with tumors lacking
BRAF mutations. Our data also suggest that elevated and target-
able activity of USP14 in melanoma could not be attributed to a
particular oncogenic driving event such as mutations affecting
BRAF or NRAS. Whether USP14 activity in melanoma could be
attributed to the Akt signaling pathway (31) remains to be
determined. The collection of cancer cells tested in our study
reflects the highly heterogeneous transcriptional and genomic
landscape of cutaneous melanoma (2, 6). Notably, b-AP15 and
VLX1570 target show similar efficacy on melanoma cells with
distinct phenotypes and metastatic potential (3, 4). Given that b-
AP15 targets melanoma cells with invasive traits associated with
melanoma-initiating activity, and thereby intrinsically resistant to
targeted therapy, our results suggest that USP14 inhibition could
also be effective in targeting this highly aggressive melanoma cell
population.

Another challenge clinicians have to face during the treatment
of advanced melanoma is the rapid emergence of drug-resistant
melanoma lesions (2, 8). To this regard, we show that selective
targeting of USP14 overcomes acquired resistance to BRAFi both
in vitro and in vivo. b-AP15 drastically impairs the viability of
therapy-resistant cells, in a range of concentration similar to what
is required to induce cell death in drug-sensitive cell lines and

Figure 4.
Characterization of the molecular mechanisms underlying USP14 inhibition. A, Effect of caspase inhibition on b-AP15–induced cell death. A375 cell cultures
were treated with 1 mmol/L b-AP15 or 1 mmol/L staurosporine in the presence or not of 20 mmol/L QVD-OPh for 24 hours, labeled with Annexin V-FITC and
PI and analyzed by flow cytometry. Data are representative of two independent experiments and show the percentage of different forms of cell death
based on Annexin-FITC and PI positivity. B, Western blot analysis of caspase 3 and PARP cleavage induced by b-AP15 on A375 cells treated or not with QVD-Oph.
Anti-ERK2 was used as a loading control. C, Western blot analysis of lysates from 1205lu cells treated with 2 mmol/L b-AP15 for the indicated times.
Membranes were probed with antibodies against K48-linked poly-ubiquitinated proteins, phosphorylated JNK and p38, HSP70, Bip/GRP78, and CHOP. Anti-ERK2
was used as a loading control. D, qRT-PCR analysis of mRNA levels of HSPA1A and ER stress response genes following incubation of 1205lu cells with
b-AP15 (2 mmol/L) for 6 and 24 hours. Data are the mean � SD of two independent experiments performed in duplicate. � , P < 0.05; �� , P< 0.01 and ��� , P < 0.001.
E,USP14 inhibition triggers ROS production. 501Mel cells were treatedwith 2 mmol/L b-AP15 for 30minutes and stainedwith 10 mmol/L CM-H2DCFDA for 30minutes
at 37�C. ROS levels were determined by flow cytometry. A treatment with H2O2 (10 mmol/L) is shown as control. � , P < 0.05. F, USP14 inhibition triggers
mitochondrial membrane depolarization. A375 cells were treated with 2 mmol/L b-AP15 for 3 or 24 hours, stained with 1 mmol/L TMRE, and analyzed by flow
cytometry. A treatment with the mitochondrial uncoupler CCCP (15 mmol/L) is shown as control. � , P < 0.05. G, USP14 inhibition does not affect proteasome activity.
A375 cells were treated with 2 mmol/L b-AP15 or bortezomib (BTZ, 1 mmol/L) for 6 hours. Proteasome caspase-like, chymotrypsin-like, and trypsin activities were
measured as described in Materials and Methods. Bar graphs show mean � SD (n ¼ 3). Results are representative of two independent experiments. ��� , P < 0.001;
ns, not significant. H, USP14 inhibition does not induce protein aggresome formation. A375 cells treated with 2 mmol/L b-AP15, 10 mmol/L MG132, or 2 mmol/L of
the pan-DUB inhibitor WP1130 for 6 hours. Aggresomes were stained as indicated in Materials and Methods. Bar graphs show mean � SD (n ¼ 3).
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irrespective of the mechanism of secondary resistance (i.e., NRAS
mutation or upregulation of receptor tyrosine kinases). We also
demonstrate the anti-melanoma activity of b-AP15 in apreclinical
mouse model of BRAFi-resistant tumor growth. This is consistent

with previous studies describing antitumor activity of USP14
inhibitors in cancer models (23, 29, 39, 40). Interestingly, inhi-
bition of proteasome-bound DUBs with b-AP15 has been shown
to sensitize tumor cells to TRAIL-mediated apoptosis by NK cells
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and T cells (24). These observations raise the interesting
possibility that USP14 inhibition could improve current anti-
melanoma immunotherapies that show significant toxicities and
patient-selective responses (8).

Previous studies have indicated that DUBs are functionally
involved in multiple signaling pathways controlling cell prolif-
eration andmigration, as well as cell survival (18, 42). Inmultiple

myeloma, b-AP15 induces aG2–Mphase cell-cycle arrest followed
by caspase-dependent cell death (29). Consistently, we show that
USP14 targeting alters cell-cycle progression and triggers caspase-
3 activity and melanoma cell death. However, caspase blockade
does not prevent cell death induced byUSP14 inhibition, suggest-
ing that USP14 controls melanoma cell viability independently
caspase activities. USP14 is predominantly associated with the
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at day 7, 19, and 35 of treatment are shown. C, Quantification of tumor growth inhibition by b-AP15. Tumor BLIs of b-AP15- or vehicle-treated mice were
recorded as described above and data analyzedwith theM3Vision software (Biospace Lab). Data shown aremean� SD of tumor BLI (n¼ 12; �� , P¼0.009, two-way
ANOVA). Representative micrographs of endpoint analysis of b-AP15- or vehicle-treated tumor volume are shown (right). D, Apoptotic cells were detected
in situ on b-AP15- or vehicle-treated tumors by an indirect TUNEL method. Scale bar, 100 mm. E, Mouse body weight was measured at the indicated days.
Data shown are mean � SD (n ¼ 12).
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proteasome, where it deubiquitinates poly-ubiquitinated sub-
strates (28). Consistently, USP14 inhibition triggers inmelanoma
cells a rapid accumulation of K48-linked poly-ubiquitinated
proteins, without significantly affecting the core proteolytic activ-
ities of the proteasome, nor the accumulation of toxic protein
aggresomes, underlining the selective action of b-AP15. USP14
inhibition also induces a rapid activation of stress-inducible
kinases p38 and JNK, accumulation of the chaperone protein
HSP70, and a potent ER stress response. Consistent with a
previous study (41), the treatment ofmelanoma cellswithb-AP15
also promotes a rapid burst of ROS, followed by mitochondrial
dysfunction and an irreversible commitment to cell death. The
origin of ROS is currently unknown but our data point toward
mitochondria as the actual source of ROS generated downstream
of USP14 inhibition. The inhibition of the selenoprotein thior-
edoxin reductase (TrxR) by b-AP15 (41) represents another pos-
sible mechanism that is under investigation. Together, our data
indicate that targeting USP14 in melanoma increases oxidative
and proteotoxic stress, and ultimately triggers a ROS-dependent
and caspase-independent cell death through an unresolved ER
stress that overcomes resistance to MAPK-targeting therapies.

Genome sequencing has demonstrated that, compared with
other solid tumors, cutaneous melanomas exhibit one of the
highest rate of somatic mutations due to carcinogenic ultraviolet
light exposure (43). In addition, recent studies have underscored
the addiction of melanoma cells to proteostatic processes
(44–46). In this context, our findings identifying a role for the
proteasome-associated DUB USP14 in melanoma cell survival
further document the targetability of aberrant proteostasis in
melanoma. A clinical trial investigating VLX1570 for relapsed or
refractory multiple myeloma has been suspended due to dose
toxicity, indicating that additional drug development is necessary
before USP14 inhibitors could enter the clinic. Nevertheless, our
study provides a rationale for the evaluation of USP14-targeting
drugs as potential therapies to tackle melanoma.
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This work was supported by Fondation ARC (grant PJA 20131200347, to M.
Deckert), Canceropôle PACA (Emergence 2015, to M. Deckert), Ligue contre le
cancer (Equipe labellis�ee 2016, to S. Tartare-Deckert), the French Government
(National Research Agency, ANR) through the "Investments for the Future,"
LABEX SIGNALIFE: program reference # ANR-11-LABX-0028–01 (to R. Ben
Jouira) and with financial support from ITMO Cancer Aviesan (Alliance Natio-
nale pour les Sciences de la Vie et de la Sant�e, National Alliance for Life Science
and Health) within the framework of the Cancer Plan 2016 (to S. Tartare-
Deckert). We also thank financial support by Conseil g�en�eral des Alpes-Mar-
itimes and R�egion PACA. R. Didier and R. Ben Jouira were recipients of a
doctoral fellowship from Fondation ARC.

The costs of publication of this articlewere defrayed inpart by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received September 18, 2017; revised January 26, 2018; accepted April 16,
2018; published first April 27, 2018.

References
1. Miller AJ, Mihm MC Jr. Melanoma. N Engl J Med 2006;355:51–65.
2. Flaherty KT, Hodi FS, Fisher DE. From genes to drugs: targeted strategies for

melanoma. Nat Rev Cancer 2012;12:349–61.
3. TichetM,Prod'HommeV, FenouilleN, AmbrosettiD,Mallavialle A,Cerezo

M, et al. Tumour-derived SPARC drives vascular permeability and extrav-
asation through endothelial VCAM1 signalling to promote metastasis.
Nat Commun 2015;6:6993.

4. Widmer DS, Cheng PF, Eichhoff OM, Belloni BC, Zipser MC, Schlegel
NC, et al. Systematic classification of melanoma cells by phenotype-
specific gene expression mapping. Pigment Cell Melanoma Res
2012;25:343–53.

5. Kemper K, de Goeje PL, Peeper DS, van Amerongen R. Phenotype switch-
ing: tumor cell plasticity as a resistance mechanism and target for therapy.
Cancer Res 2014;74:5937–41.

6. Tirosh I, Izar B, Prakadan SM, Wadsworth MHII, Treacy D, Trombetta JJ,
et al. Dissecting the multicellular ecosystem of metastatic melanoma by
single-cell RNA-seq. Science 2016;352:189–96.

7. Girotti MR, Saturno G, Lorigan P, Marais R. No longer an untreatable
disease: how targeted and immunotherapies have changed the manage-
ment of melanoma patients. Mol Oncol 2014;8:1140–58.

8. Eggermont AM, Spatz A, Robert C. Cutaneous melanoma. Lancet
2014;383:816–27.

9. Balch WE, Morimoto RI, Dillin A, Kelly JW. Adapting proteostasis for
disease intervention. Science 2008;319:916–9.

10. Deshaies RJ. Proteotoxic crisis, the ubiquitin-proteasome system, and
cancer therapy. BMC Biol 2014;12:94.

11. Hershko A, Ciechanover A. The ubiquitin system. Annu Rev Biochem
1998;67:425–79.

12. Finley D. Recognition and processing of ubiquitin-protein conjugates by
the proteasome. Annu Rev Biochem 2009;78:477–513.

13. Hu R, Aplin AE. Skp2 regulates G2–M progression in a p53-dependent
manner. Mol Cell Biol 2008;19:4602–10.

14. Aydin IT,MelamedRD,Adams SJ, Castillo-MartinM,DemirA, BrykD, et al.
FBXW7 mutations in melanoma and a new therapeutic paradigm. J Natl
Cancer Inst 2014;106:dju107.

15. Fenouille N, Puissant A, Tichet M, Zimniak G, Abbe P, Mallavialle A, et al.
SPARC functions as an anti-stress factor by inactivating p53 through
Akt-mediated MDM2 phosphorylation to promote melanoma cell surviv-
al. Oncogene 2011;30:4887–900.

16. Nijman SM, Luna-VargasMP, Velds A, Brummelkamp TR,Dirac AM, Sixma
TK, et al. A genomic and functional inventory of deubiquitinating enzymes.
Cell 2005;123:773–86.

17. Reyes-Turcu FE, Ventii KH, Wilkinson KD. Regulation and cellular roles of
ubiquitin-specific deubiquitinating enzymes. Ann Rev Biochem 2009;78:
363–97.

18. Fraile JM, Quesada V, Rodriguez D, Freije JM, Lopez-Otin C. Deubiquiti-
nases in cancer: new functions and therapeutic options. Oncogene
2012;31:2373–88.

19. D'Arcy P, Wang X, Linder S. Deubiquitinase inhibition as a cancer ther-
apeutic strategy. Pharm Ther 2015;147:32–54.

20. ZhaoX, Fiske B,KawakamiA, Li J, FisherDE. RegulationofMITF stability by
the USP13 deubiquitinase. Nat Commun 2011;2:414.

Mol Cancer Ther; 17(7) July 2018 Molecular Cancer Therapeutics1428

Didier et al.

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/17/7/1416/1859687/1416.pdf by guest on 19 M
ay 2023



21. Potu H, Peterson LF, Pal A, Verhaegen M, Cao J, Talpaz M, et al. Usp5 links
suppression of p53 and FAS levels in melanoma to the BRAF pathway.
Oncotarget 2014;5:5559–69.

22. Potu H, Peterson LF, Kandarpa M, Pal A, Sun H, Durham A, et al. Usp9x
regulates Ets-1 ubiquitination and stability to controlNRAS expression and
tumorigenicity in melanoma. Nat Commun 2017;8:14449.

23. D'Arcy P, Brnjic S, OlofssonMH, FryknasM, Lindsten K, De CesareM, et al.
Inhibitionof proteasomedeubiquitinating activity as anew cancer therapy.
Nat Med 2011;17:1636–40.

24. Sarhan D, Wennerberg E, D'Arcy P, Gurajada D, Linder S, Lundqvist A.
A novel inhibitor of proteasome deubiquitinating activity renders tumor
cells sensitive to TRAIL-mediated apoptosis by natural killer cells and T
cells. Cancer Immunol Immunother 2013;62:1359–68.

25. OhYT,Deng L,Deng J, Sun SY. The proteasomedeubiquitinase inhibitor b-
AP15 enhances DR5 activation-induced apoptosis through stabilizing
DR5. Sci Rep 2017;7:8027.

26. Hu M, Li P, Song L, Jeffrey PD, Chenova TA, Wilkinson KD, et al. Structure
and mechanisms of the proteasome-associated deubiquitinating enzyme
USP14. EMBO J 2005;24:3747–56.

27. Lee BH, Lee MJ, Park S, Oh DC, Elsasser S, Chen PC, et al. Enhancement of
proteasome activity by a small-molecule inhibitor of USP14. Nature
2010;467:179–84.

28. Lee BH, Lu Y, Prado MA, Shi Y, Tian G, Sun S, et al. USP14 deubiquitinates
proteasome-bound substrates that are ubiquitinated at multiple sites.
Nature 2016;532:398–401.

29. Tian Z, D'Arcy P,Wang X, Ray A, Tai YT, Hu Y, et al. A novel small molecule
inhibitor of deubiquitylating enzyme USP14 and UCHL5 induces apo-
ptosis in multiple myeloma and overcomes bortezomib resistance. Blood
2014;123:706–16.

30. Vogel RI, Coughlin K, Scotti A, Iizuka Y, Anchoori R, Roden RB, et al.
Simultaneous inhibition of deubiquitinating enzymes (DUBs) and
autophagy synergistically kills breast cancer cells. Oncotarget 2015;6:
4159–70.

31. Xu D, Shan B, Lee BH, Zhu K, Zhang T, Sun H, et al. Phosphorylation and
activation of ubiquitin-specific protease-14 by Akt regulates the ubiquitin-
proteasome system. eLife 2015;4:e10510.

32. Robert G, Gaggioli C, Bailet O, Chavey C, Abbe P, Aberdam E, et al. SPARC
represses E-cadherin and induces mesenchymal transition during mela-
noma development. Cancer Res 2006;66:7516–23.

33. Villanueva J, Vultur A, Lee JT, Somasundaram R, Fukunaga-Kalabis M,
Cipolla AK, et al. Acquired resistance to BRAF inhibitorsmediated by a RAF
kinase switch in melanoma can be overcome by cotargeting MEK and
IGF-1R/PI3K. Cancer Cell 2010;18:683–95.

34. Nazarian R, Shi H, Wang Q, Kong X, Koya RC, Lee H, et al. Melanomas
acquire resistance to B-RAF(V600E) inhibition by RTK or N-RAS upregula-
tion. Nature 2010;468:973–7.

35. Fenouille N, Tichet M, Dufies M, Pottier A, Mogha A, Soo JK, et al. The
epithelial-mesenchymal transition (EMT) regulatory factor SLUG (SNAI2)
is a downstream target of SPARC and AKT in promoting melanoma cell
invasion. PLoS One 2012;7:e40378.

36. Hamouda MA, Belhacene N, Puissant A, Colosetti P, Robert G, Jacquel A,
et al. The small heat shock protein B8 (HSPB8) confers resistance to
bortezomib by promoting autophagic removal of misfolded proteins in
multiple myeloma cells. Oncotarget 2014;5:6252–66.

37. Baudot AD, Jeandel PY, Mouska X, Maurer U, Tartare-Deckert S, Raynaud
SD, et al. The tyrosine kinase Syk regulates the survival of chronic lym-
phocytic leukemia B cells through PKCdelta and proteasome-dependent
regulation of Mcl-1 expression. Oncogene 2009;28:3261–73.

38. Ovaa H, Galardy PJ, Ploegh HL. Mechanism-based proteomics tools based
on ubiquitin and ubiquitin-like proteins: synthesis of active site-directed
probes. Methods Enzymol 2005;399:468–78.

39. Wang X, Mazurkiewicz M, Hillert EK, Olofsson MH, Pierrou S, Hillertz P,
et al. The proteasome deubiquitinase inhibitor VLX1570 shows selectivity
for ubiquitin-specific protease-14 and induces apoptosis of multiple
myeloma cells. Sci Rep 2016;6:26979.

40. Paulus A, Akhtar S, Caulfield TR, Samuel K, Yousaf H, Bashir Y, et al.
Coinhibition of the deubiquitinating enzymes, USP14 and UCHL5, with
VLX1570 is lethal to ibrutinib- or bortezomib-resistant Waldenstrom
macroglobulinemia tumor cells. Blood Cancer J 2016;6:e492.

41. Wang X, Stafford W, Mazurkiewicz M, Fryknas M, Brjnic S, Zhang X, et al.
The 19S Deubiquitinase inhibitor b-AP15 is enriched in cells and elicits
rapid commitment to cell death. Mol Pharmacol 2014;85:932–45.

42. D'Arcy P, Linder S. Proteasome deubiquitinases as novel targets for cancer
therapy. Int J Biochem Cell Biol 2012;44:1729–38.

43. LawrenceMS, Stojanov P, Polak P, Kryukov GV, Cibulskis K, Sivachenko A,
et al. Mutational heterogeneity in cancer and the search for new cancer-
associated genes. Nature 2013;499:214–8.

44. Beck D, Niessner H, Smalley KS, Flaherty K, Paraiso KH, Busch C, et al.
Vemurafenib potently induces endoplasmic reticulum stress-mediated
apoptosis in BRAFV600E melanoma cells. Sci Signal 2013;6:ra7.

45. Ma XH, Piao SF, Dey S, McAfee Q, Karakousis G, Villanueva J, et al.
Targeting ER stress-induced autophagy overcomes BRAF inhibitor resis-
tance in melanoma. J Clin Invest 2014;124:1406–17.

46. Cerezo M, Lehraiki A, Millet A, Rouaud F, Plaisant M, Jaune E, et al.
Compounds triggering ER stress exert anti-melanoma effects andovercome
BRAF inhibitor resistance. Cancer Cell 2016;29:805–19.

www.aacrjournals.org Mol Cancer Ther; 17(7) July 2018 1429

Targeting Deubiquitinating Enzyme USP14 in Melanoma

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/17/7/1416/1859687/1416.pdf by guest on 19 M
ay 2023



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




