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USP7 regulates the ERK1/2 signaling pathway through
deubiquitinating Raf-1 in lung adenocarcinoma
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Ubiquitin-specific protease 7 (USP7) is one of the deubiquitinating enzymes (DUBs) in the ubiquitin-specific protease (USP) family. It
is a key regulator of numerous cellular functions including immune response, cell cycle, DNA damage and repair, epigenetics, and
several signaling pathways. USP7 acts by removing ubiquitin from the substrate proteins. USP7 also binds to a specific binding
motif of substrate proteins having the [P/A/E]-X-X-S or K-X-X-X-K protein sequences. To date, numerous substrate proteins of USP7
have been identified, but no studies have been conducted using the binding motif that USP7 binds. In the current study, we
analyzed putative substrate proteins of USP7 through the [P/A/E]-X-X-S and K-X-X-X-K binding motifs using bioinformatics tools,
and confirmed that Raf-1 is one of the substrates for USP7. USP7 binds to the Pro-Val-Asp-Ser (PVDS) motif of the conserved region
2 (CR2) which contains phosphorylation sites of Raf-1 and decreased M1-, K6-, K11-, K27-, K33-, and K48-linked polyubiquitination of
Raf-1. We further identified that the DUB activity of USP7 decreases the threonine phosphorylation level of Raf-1 and inhibits
signaling transduction through Raf activation. This regulatory mechanism inhibits the activation of the ERK1/2 signaling pathway,
thereby inhibiting the G2/M transition and the cell proliferation of lung adenocarcinoma cells. In summary, our results indicate that

USP7 deubiquitinates Raf-1 and is a new regulator of the ERK1/2 signaling pathway in lung adenocarcinoma.
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INTRODUCTION

The mitogen-activated protein kinase (MAPK) cascade is an
important signaling pathway that plays a critical role in cell
proliferation, metabolism, differentiation, DNA repair, and apop-
tosis [1-4]. The activation of MAPK kinase (MAPKK) by extracellular
or intracellular responses induces phosphorylation and activation
of MAPK. The phosphorylated canonical MAPKs, such as extra-
cellular signal regulated kinase 1/2 (ERK1/2), c-Jun N-terminal
kinase (JNK), p38 MAPK, and extracellular signal regulated kinase 5
(ERK5), regulate the expressions of numerous target genes that
modulate diverse cellular processes [4, 5]. Among the MAPK
cascade pathways, the ERK1/2 signaling pathway is the most
studied and critical signaling pathway involved in regulating
apoptosis, differentiation, and cell cycle. Moreover, dysregulation
or mutation of the ERK1/2 signaling factors is a cause for drug
resistance and varied cancers, including lung cancer [6, 7]. The
binding of an epidermal growth factor (EGF) and EGF receptor
(EGFR) at the cell surface initiates activation of the ERK1/2 signaling
pathway. Tyrosine residues of the EGFR bound to EGF are
phosphorylated. Thereafter, the growth factor receptor-bound
protein 2 (GRB2) generates the GRB2-Son of sevenless (SOS)
complex to bind with tyrosine-phosphorylated residues of EGFR.
Activated SOS increases the guanosine triphosphate (GTP)-bound
active forms of the Rat sarcoma virus (Ras) through the exchange
of guanosine diphosphate (GDP) to GTP [8, 9]. The GTP-bound
active form of Ras rapidly recruits accelerated fibrosarcoma (Raf)

kinases (A-Raf, B-Raf, and C-Raf) to the plasma membrane and Raf
activates MEK1/2 as a MAPKK kinase (MAPKKK). In turn, the
phosphorylated MEK also acts as a MAPKK and induces activation
and translocation of ERK1/2 to the nucleus [10].

Among the three Raf kinase family members that are conserved
and ubiquitous serine/threonine protein kinases, Raf-1 (also called
C-Raf) was first discovered as a retroviral oncogene [11]. All Raf
kinase families have three conserved regions (CR): CR1, CR2, and
CR3 [7]. The CR1 domain contains a Ras binding domain and
recruits to the plasma membrane, the CR2 domain contains
phosphorylation sites that activate or inhibit the activity of Raf-1,
and the CR3 domain contains the Raf kinase domain activated by
phosphorylation of Raf-1 [12]. In the resting state, inactive Raf-1 is
phosphorylated on Ser259 of the N-terminal region and is
maintained by 14-3-3 protein binding that prevents interaction
between Raf-1 and Ras-GTP. Conversely, the binding with 14-3-3
following phosphorylation of Ser621 of the C-terminal region of
Raf-1 is essential for the activation of Raf-1 [13]. Dephosphoryla-
tion of Ser259 by protein phosphatase 2 A (PP2A) exposes the CR1
(the Ras binding domain) and initiates the activation of Raf-1.
Furthermore, phosphorylation of Ser471, Thr491, Ser494, Ser497,
Ser499, and especially Ser338, is important for complete activation
of Raf-1 and signal transduction to MEK1/2 [12, 14].

Ubiquitination is a post-translational modification (PTM) and has
critical functions in regulating DNA damage, autophagy, protein
stability, and cell signaling activation. Ubiquitination proceeds
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through three enzymes: ubiquitin-activating enzyme (E1 enzyme),
ubiquitin-conjugating enzyme (E2 enzyme), and ubiquitin ligase
(E3 ligase). The E1 enzyme activates ubiquitin using adenosine
triphosphate (ATP) and the activated ubiquitin is transferred to the
E2 enzyme, after which the E3 ligases usually attach the ubiquitin
to the lysine of the target proteins. The attached ubiquitin
constitutes either monoubiquitination (where one ubiquitin binds
to a substrate) or polyubiquitination (which forms a ubiquitin
chain by binding to one or more of the seven lysine sites (K6, K11,
K27, K29, K33, K48, and K63) or methionine 1 (M1) site of
ubiquitin). The process in which ubiquitin is detached in the
reverse process of ubiquitination is achieved by deubiquitinating
enzymes (DUBs).

Ubiquitin-specific protease (USP7), also known as herpesvirus-
associated ubiquitin-specific protease (HAUSP), is the most
studied DUB belonging to the ubiquitin-specific protease (USP)
family. USP7 was first found to be a binding partner of the herpes
simplex virus type 1 immediate-early protein (Vmw110) of the
herpes simplex virus type 1 (HSV-1) regulatory protein. Moreover,
USP7 regulates numerous proteins that function in immune
response, tumor generation, tumor suppression, epigenetics,
DNA damage, and several signaling pathways. USP7 is typically
known to function as a tumor suppressor or an oncogene by
regulating the stability of the p53-mouse double minute (MDM)
2 axis. Recently, the roles of USP7 through deubiquitination of
substrate proteins such as Yki, Axin, and tripartite motif
containing 27 (TRIM27) have been revealed in several signaling
pathways [15-17]. In addition, USP7 is known to have two
binding pockets, one of which is the tumor necrosis factor
receptor associated factor (TRAF) domain in the N-terminal
region of USP7, and the other is the ubiquitin-like structures
(UBL) domain of the C-terminal region. The TRAF domain of USP7
functions to bind with the [P/A/E]-X-X-S motif of diverse
substrates such as p53, MDM2, MDM4, enzyme pyruvate kinase
M2 (PKM2), Epstein-Barr nuclear antigen 1 (EBNAT), minichromo-
some maintenance complex binding protein (MCM-BP), F-box
protein 38 (FBXO038), tripeptidyl-peptidase 1 (TPP1), and
ubiquitin-conjugating enzyme E2 E1 (UbE2E1) [18-24]. Also, the
UBL domain binds to proteins having the K-X-X-X-K sequence,
such as guanine monophosphate synthase (GMPS), DNA
methyltransferase 1 (DNMT1), ubiquitin like with PHD and ring
finger domains 1 (UHRF1), ring finger protein 169 (RNF169), and
HSV-1 [18, 25]. Therefore, proteins having the [P/A/E]-X-X-S or K-
X-X-X-K sequence are expected to bind with the TRAF domain or
UBL domain of USP7, respectively.

Lung cancer is the most frequently diagnosed cancer and
accounts for a large percentage of cancer-related deaths in the
world [26, 27]. The two most common types of lung cancer are
lung adenocarcinoma (LUAD) and lung squamous cell carcinoma
(LUSQ), both of which are classified as non-small-cell lung cancers
(NSCLC), which account for 85% of lung cancers. Both LUAD and
LUSC exhibit different biological mechanisms [26, 28].

For the first time in 2006, the USP7 expression in lung cancer
was found to be associated with lung cancer tumorigenesis,
and reduction of the mRNA level of USP7 was determined to be
related to poor survival via the p53-dependent pathway [29].
Furthermore, altered macrophage reprogramming by USP7
inhibition promotes M1 polarization of tumor-related macro-
phages and inhibits lung cancer cell proliferation [30]. However,
the cellular functions of USP7 in lung cancer remain con-
troversial. In LUSC and large cell carcinomas, inhibition of USP7
promotes cancer cell apoptosis through the MDM2-p53 axis
[31]. Also, in LUAD cell lines, inactivation of USP7 induces
sensitivity of paclitaxel and docetaxel through degradation of
Ki-67 [32]. However, a recent study reported that inhibition of
USP7 reversely induces cell proliferation regulating SMAD3
autoregulation regardless of the p53 axis in p53-deficient lung
cancer [33].
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In the current study, proteins having the [P/A/E]-X-X-S and K-X-
X-X-K motifs were identified by the bioinformatics tool. Of these,
putative substrate proteins expected to bind with USP7 were
selected. Using functional annotation analysis, we confirmed that
the MAPK signaling pathway is correlated with putative
USP7 substrate proteins, and found that Raf-1 is a novel binding
partner of USP7. In addition, USP7 deubiquitinates M1-, K6-, K11-,
K27-, K33-, and K48-linked polyubiquitin chains of Raf-1, and
inhibits the ERK1/2 signaling pathway, disturbing the threonine
phosphorylation of Raf-1. Collectively, we found that USP7 inhibits
the ERK1/2 signaling pathway by regulating the activity of Raf-1
and suppresses LUAD cell viability in a manner independent of the
p53/MDM2 axis.

MATERIALS AND METHODS

Cell culture and transfection

HEK293T, Hela, and H1299 cells were grown in Dulbecco’s Modified
Eagle’s Medium (Cat #12800-017, DMEM, Gibco, Grand Island, NY, USA)
containing 10% fetal bovine serum (FBS, Gibco, Grand Island, NY, USA) and
1% antibiotic-antimycotic reagent (Cat #15240062, Gibco, Grand Island, NY,
USA). A549 cells were grown in Roswell Park Memorial Institute (RPMI)-
1640 medium (Cat #11875-093, Gibco BRL, Rockville, MD, USA). Transfec-
tions were performed with 150 mM NaCl and polyethyleneimine (Cat
#23966, PEl, Polysciences, Inc, Warrington, PA, USA) and Lipofectamine
2000 Reagent (Cat #11668-019, Invitrogen, Waltham, MA, USA). The cells
were grown in a 5% CO, incubator at 37 °C.

Bioinformatics analysis

Using the MOTIF  search  (https://www.genome.jp/tools/motif/
MOTIF2.html), the proteins having either the [P/A/E]-X-X-S or K-X-X-X-K
sequence were found. We set the pattern in the PROSITE format field to [P/
A/E]I-X-X-S or K-X-X-X-K, set the Homo sapiens (hsp) to the Kyoto
Encyclopedia of Genes and Genomes (KEGG) gene, and set the maximum
number to 20,000. And then, only proteins having both the [P/A/E]-X-X-S
and K-X-X-X-K sequences were selected. The gene ID was changed to
ENSEMBL gene ID for the database for annotation, visualization, and
integrated discovery (DAVID) analysis. DAVID analysis was performed
except for unknown genes or duplicated genes. Protein information of 184
genes including components in the MAPK signaling pathway was
uploaded to the STRING network (https://version-11-Ob.string-db.org)
using Cytoscape. And then, binding between already published proteins
and USP7 is shown in gray, and interactions that have not yet been
discovered are shown in green.

Western blotting and immunoprecipitation

HEK293T, Hela, A549, and H1299 cells were lysed with lysis buffer (50 mM
Tris-HCl [pH 7.5], 1 mM EDTA, 10% glycerol, 300 mM Nacl, and 1% Triton X-
100). Samples were incubated in an ice-cold environment for 20 min and
centrifuged at 13,000 rpm for 20 min at 4°C, and supernatants were
collected. Western blotting was performed using sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) gels, and proteins were
transferred to polyvinylidene fluoride (PVDF) microporous membranes (Cat
#IPVH00010, Millipore, Billerica, MA, USA), which were then blocked with
TTBS (20 mM Tris-HCl [pH 7.5], 0.05% Tween 20 and 150 mM NaCl)
containing 5% skim milk or 5% bovine serum albumin (BSA) for 1 h and
incubated overnight at 4°C with primary antibodies. Membranes were
then washed three times for 7 min each with TTBS, incubated for 2 h with
the secondary antibody, and rewashed three more times in TTBS. Blots
were detected using an ECL reagent solution (Cat # LF-QC0101, Young-In
Frontier, Seoul, Korea).

For the immunoprecipitation study, cell lysates were incubated with an
antibody at 4 °C overnight and then for 2 h with protein A/G PLUS-Agarose
Beads (Cat #sc-2003, Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Samples were boiled in 2X SDS sample buffer for 7 min and detected by
Western blotting. Ubiquitination and deubiquitination assays were
performed by the ubiquitination assay kit according to the manufacturer’s
manual (Cat #uBAK-100, D&P Biotech Inc., Seoul, Korea).

Plasmid DNA and antibodies
Raf-1 gene and deletion mutants of Raf-1 gene were subcloned into the
pCS4-Flag vector, deletion mutants of USP7 gene were subcloned into
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pcDNA3.1-6-Myc vector. And Myc-USP7 (WT), Myc-USP7 (C223S), pGEX-4T-1
vector, pGEX-4T-1-USP7, and wild-type HA-ubiquitin (Ub) and its mutants
(M1, K6, K11, K27, K29, K33, K48, and K63) were used as previously
described [19, 34]. Deletion mutant constructs of USP7 (TRAF and UBL) and
Raf-1 (A1, A2, A3, and A4) were produced by subcloning. And mutants for
the binding motif of Flag-Raf-1 (5274R, S283R, S289R, S291R, S295R, S322R,
S428R, S508R, and S571R) were produced by site-directed point mutagen-
esis. The primers for making deletion mutants and binding motif mutants
are described in Supplement Table S1.

Anti-HA (12CA5) and anti-Myc (9E10) antibodies were acquired from
hybridoma cell media and Anti-Flag (Cat #M185-3L, Sigma-Aldrich, St.
Louis, MO, USA), anti-B-actin (Cat #sc-4778, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), anti-USP7 (Cat #sc-137008, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), anti-p53 (Cat f#sc-126, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-p-Tyr (Cat #sc-508, Santa
Cruz Biotechnology, Santa Cruz, CA, USA), anti-p-Ser (Cat #sc-81514,
Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-p-Thr (Cat #sc-
5267, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-p-Raf-1 (Cat
#sc-271928, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-Raf-1
(Cat #sc-7267, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-Raf-
1 (Cat #LF-PA0195, Ab Frontier, Seoul, Korea), anti-MEK (Cat #sc-6250,
Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-p-MEK (Cat #sc-
81503, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-ERK (Cat
#9102 L, Cell Signaling, Danvers, MA, USA) and anti-p-ERK (Cat #4668 S,
Cell Signaling, Danvers, MA, USA) antibodies were used for Western
blotting, GST pull-down assay, and immunoprecipitation.

Glutathione S-transferase (GST) pull-down assay

For protein induction, Escherichia coli BL21 cells transformed with pGEX-
4T-1 vector or pGEX-4T-1-USP7 were incubated at 20°C overnight. LB
broth (5 mL) was then added in a 15 mL conical tube. Transfected cells
were induced using 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG)
(Cat #V3955, Promega, Madison, WI, USA) and adjusted to an A600 of
0.4-0.5. Cells were lysed by sonication and incubated with glutathione-
sepharose beads (Cat #27-4574-01, Pharmacia Biotech, Uppsala, Sweden).
Purified proteins were rotated with HEK293T cell lysates overexpressing
Flag-Raf-1 at 4°C overnight, and bound proteins were analyzed by
Western blotting.

Immunocytochemistry

Hela cells were seeded on glass coverslips, placed on a 12-well plate,
washed briefly with phosphate-buffered saline (PBS), fixed with 4%
formaldehyde for 15 min, blocked with PBS containing 1% BSA for 1 h at
room temperature, and treated with primary antibodies (Raf-1 and USP7)
in 1% BSA at 4 °C overnight. Cells were then washed with PBS, incubated
with Alexa-Fluor-488-conjugated goat anti-mouse (Cat #a11001, Invitro-
gen, Carlsbad, CA, USA) and with Alexa-Fluor-568-conjugated goat anti-
rabbit (Cat #a11011, Invitrogen, Carlsbad, CA, USA) for 1h at room
temperature in the dark, washed with PBS, and stained with DAPI (Cat
#D9542, Sigma-Aldrich, St. Louis, MO, USA). Samples were visualized under
a confocal microscope (Zeiss LSM880, Carl Zeiss Microscopy GmbH, Jena,
Germany).

Protein stability assay

HEK293T cells were transfected with siUSP7 (GenePharma. Shanghai,
China) or were treated with USP7 inhibitor, P22077 (Cat #HY-13865,
MedChemExpress, NJ, USA). After 24h of incubation, Cycloheximide
(CHX) (100 pg/ml) (Cat #01810, Sigma-Aldrich, St. Louis, MO, USA) was
treated into HEK293T cells. Samples were harvested in 6, 12, and 24 h
later. And then, the protein stability was determined by Western blotting
analysis.

Annexin V staining and cell apoptosis analysis

Annexin V staining and cell apoptosis analysis was performed with a
fluorescence-activated cell sorting (FACS) Calibur (BD BioScience, San Jose,
CA, USA) and CellQuest analysis software. Apoptosis was determined by
staining with Annexin V-FITC/propidium iodide (Pl) (Cat #556547, BD
BioScience, San Jose, CA, USA) double staining according to the
manufacturer’s instructions. Briefly, cells (1 x 10°) were washed with cold
PBS and then resuspended in a binding buffer (10 mM Hepes/NaOH (pH
7.4), 0.14 M NaCl, 2.5 mM CaCl,), and FITC Annexin V and PI solution were
added. After incubation at room temperature for 15 min in the dark,
Annexin V-FITC and Pl-staining was analyzed by flow cytometry. Annexin
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V-FITC and Pl double staining were regarded as late apoptotic or
necrotic cells.

Cell cycle analysis

For cell synchronization in G1 or early S phage, A549 and H1299 cells were
synchronized by double thymidine block. The first thymidine block was
treated with thymidine (Cat #SLBT0908, Sigma-Aldrich, St. Louis, MO, USA)
with a final concentration of 2mM for 16 h. And then, cells were washed
with PBS and cultured in fresh media for 8 h followed by the second
thymidine block (2 mM). The cell cycle was released after PBS washing and
fresh media change. H1299 cells were harvested at 0, 4, and 8 h after the
release and A549 cells were harvested at 0, 6, 12, and 18 h after the release.
The cells were washed in PBS and were fixed and permeabilized in ice-cold
70% ethanol at —20 °C. The fixed cells were washed with PBS to remove
ethanol. Then, the cells were stained with 0.5 mL of FxCycle™ PI/RNase
staining solution (Cat #F10797, Thermo Fisher Scientific, Waltham, MA,
USA) for 30 min. The stained cells were analyzed using flow cytometry.

Cell motility assay

For the colony formation assay, A549 and H1299 cells (2x10°)
transfected with pcDNA3.1-6myc vector or Myc-USP7 were seeded onto
100 mm cell culture plates, and the medium was changed every 2-3 days.
After 1-2 weeks, the colonies were washed with PBS and stained with
crystal violet solution. Following washing with PBS, images were captured
using a DUALED Blue/White Transilluminator (Cat #A-6020, Bioneer,
Daejeon, Korea) and the number of colonies in each plate were manually
counted using image J. For wound healing assay, A549 cells (2 x 10°)
transfected with pcDNA3.1-6myc vector or Myc-USP7 were seeded onto
6-well plates, and the cells were wounded with a 10-pul micropipette tip.
Images were captured at 0, 12, 24, and 48 h, and the distances between
cells were measured using Image J (National Institutes of Health,
Bethesda, MD, USA).

Statistical analysis

Densitometric analysis was performed by Image J, and the paired t-test
and two-way ANOVA were performed by GraphPad Prism version 5
(GraphPad Software, La Jolla, CA, USA). p-values of *p <0.05, **p <0.01,
***p < 0.001 were deemed significant. All the results shown are represen-
tative data of at least three independent experiments and are presented as
the mean =+ standard error of the mean (SEM).

RESULTS

Motif analysis for identifying new binding partners of USP7
To find novel substrate proteins of USP7, we used two USP7
binding motifs: [P/A/E]-X-X-S and K-X-X-X-K. Proteins with the
binding motifs are expected to interact and be deubiquitinated by
USP7, and especially proteins carrying both the binding motifs are
more likely to bind to USP7. Therefore, in this study, we found and
analyzed proteins with both [P/A/E]-X-X-S and K-X-X-X-K binding
motifs and discovered new putative substrate proteins of USP7.
The overall analysis method is presented as a schematic overview
(Fig. 1A).

We first analyzed the putative substrate proteins of USP7
through the MOTIF search that detects proteins having the [P/A/
E]-X-X-S and K-X-X-X-K motifs. Totally, 13,157 proteins having both
the [P/A/E]-X-X-S and K-X-X-X-K motifs were determined (Fig. 1B
and Datasheet 1). Thereafter, to select proteins that actually bind
to USP7, we performed the DAVID analysis [35]. The pathways
with TOP 10 gene count were summarized by analyzing the
proteins with two binding motifs through the KEGG pathway
enrichment. In addition, it is previously known that substrate
proteins of USP7 play an important role in signal transduction, and
several signaling pathways such as Wnt/B-catenin, Hippo, NF-kB,
Hedgehog, and Notch are positively or negatively regulated by
USP7 [15, 16, 24, 36]. Therefore, we focused on signaling pathways
with TOP 10 gene count among the KEGG pathway enrichment
and found that the putative substrate proteins are significantly
related to the MAPK signaling pathway as well as several other
signaling pathways (Fig. 1C).
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Fig. 1

Motif analysis for identifying new binding partners of USP7. A Schematic overview of the workflow for identifying new binding

partners of USP7 using binding motifs, DAVID, protein-protein interaction, and binding analyses. B The diagram shows the number of proteins
having each or both [P/A/E]-X-X-S and K-X-X-X-K motifs. C Pathway enrichment of putative substrate proteins of USP7 was analyzed by DAVID
analysis. Y-axis indicates the pathway name, and X-axis indicates gene count in the pathways, and the asterisk indicates the p-value (*p < 0.05,
**p < 0.01, ***p < 0.001.) D Interaction network between USP7 and putative substrates with high interaction score and with or without the
connection revealed. The color of nodes indicates the confirmation of binding between USP7 and proteins (Gray: published and green:
nonpublished), and Raf-1 binding with USP7 is shown in purple. Interaction network is shown by Cytoscape. E Endogenous USP7 or Raf-1 was
precipitated with an anti-USP7 or an anti-Raf-1 antibody in HelLa cell lysate. F HEK293T cells were transfected with Myc-USP7, and Flag-Raf-1
and immunoprecipitations were performed by an anti-Myc or an anti-Flag antibody. G Purified GST- or GST-USP7 expressed in BL21 was
incubated with Flag-Raf-7-overexpressed HEK293T cells. GST- or GST-USP7 was pull downed by GST bead and gel was stained by Coomassie
Brilliant Blue. H Immunocytochemical analysis was performed to investigate the localization of respective USP7 and Raf-1, and co-localization

of USP7 and Raf-1.

Using the gene information belonging to the MAPK signaling
pathway organized by DAVID analysis, we narrowed down the
putative substrate proteins of USP7 by protein-protein interaction
(PPI) analysis in the STRING database [37]. We only selected the
edge connected to USP7, and using the BioGRID interaction
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database (https://thebiogrid.org/), we exclude the proteins pre-
viously known to bind USP7 [38]. The interaction network was
drawn using a Cytoscape (Fig. 1D). Among the putative substrate
proteins, Raf-1 is a serine/threonine kinase essential for signal
transduction from Ras to MEK1/2 in the MAPK signaling pathway.

Cell Death and Disease (2022)13:698


https://thebiogrid.org/

(o9)

A

H.-B. Park et al.

319 APVS 322 575 KNCPK 579 Myc-USP7 - + + + + Myc-USP7 + o+ 4+ +
174 EHCi177 27 PVD3274 505 P?S 508 - FIag-Raf-1 (WT) _ + - _ _ FIag-Raf-1 (WT) + _ _ -
Raf-1 WT CR1 CR2 CR3 Flag-Raf-1 (A1) L Flag-Raf-1 (A1) - - + - -
. a asa aama a a . Flag-Raf-1(A2) - - - + - - Flag-Raf-1(A2) - - - + - -
122 TRk 208ALPS 211 280 AIRS 283 568 PDLS 571 648aa. Flag-Raf-1 (A3) o N FlagRaf1(A3) - - - - «
219E5VS 222 286ESAS 289 425EGSS 428 9
225 PVSS 228 288 ASPS 291 Flag-Raf-1 (A4) - - - - - + Flag-Raf-1 (A4) - - - - - +
292 ALSS 295 (kDa) (kDa)
CR1 < wr
Raf-1 A1 . . s 75 WB: o-FI
1aa 254aa. . - a-Flag
CR1 CR2 WB:a-Flag = | 45 43
Raf-1 A2 L 45 : 9 = a2
1aa 330a.a, H a . < 24
35 5
Raf-1 A3 ! CR2 CR3 | £
WB: a-Myc
s a0 e O P I
Raf-1 A4 CR3
330aa. 648a.a.
1 2 3 4 5 6
Flag-Raf-1 -+t o+ ot Flag-Raf-1 oF ot
Myc-USP7 (WT) - -t - Myc-USP7 (WT) - F -
Myc-USP7 (TRAF) - - -+ Myc-USP7 (TRAF) - -
) Myc-USP7 (UBL) - - - - + Myc-USP7 (UBL) - - - - *
USP7 WT L TRAF | Catalytic : UBL A (kDa) (kDa)
1aa 206 a.a. 560 a.a. 1102 aa. 140 140 - <« wr
100 100 WB: a-Myc
TRAF
USP7 (TRAF) | - 75 WB: a-Myc > 7 Long exposure
1aa. 206 a.a. 60 = 60
UBL q WB: a-Myc
USP7 (UBL) . . DA a PRt
s60aa. 102aa. £ 45 Short exposure
1 2 3 4 5
45 WB: a-B-actin
1 2 3 4 5
Myc-USP7 - + + + + + + Myc-USP7 - + + + + +
Flag-Raf-1 (WT) - + - - - - - Flag-Raf-1 (WT) - + - - - -
Flag-Raf-1 (S274R) - - + - - - - Flag-Raf-1 (S322R) - - + - - -
Flag-Raf-1 (S283R) - - - + - - - Flag-Raf-1 (S428R) - - - + ~ _
FlagRaf-1(S260R) - - - -+ - - Flag-Raf-1(S508R) - - - -t -
FlagRaf-1(S291R) - - - - -+ - Flag-Ra1 (S571R) oL : o,
Flag-Raf-1 (S295R) - - - - - - + (kDa)
WB: a-Myc 2
2| 100 &
o a 7 WB: a-Flag
al s WB: a-Flag = 5
s _ W8 a-Flag IS We: o-Flag
* _ Was ecactn ® e factn
1 2 3 4 5 6 7 1 2 3 4 5 6
Myc-USP7 - + + + + + + Myc-USP7 - + + + + +
Flag-Raf-1 (WT) - + - - - - - Flag-Raf-1 (WT) -+ - - - -
Flag-Raf-1(S274R) - - + - - - - Flag-Raf-1 (S322R) - - + - - -
Flag-Raf-1(S283R) - - - P R R Flag-Raf-1(S428R) = - - - -
Flag-Raf-1(S289R) . - - . o+ . - Flag-Raf-1(S508R) - - - - *+ -
Flag-Raf-1(S201R) - - . . - 4+ . Flag-Raf-1(S571R) = - - - = %
Flag-Raf-1 (S295R) - - - - - - + (kDa)
(kDa) o 75 WB: a-Flag
S
o WB: a-Flag =
3 o
= 75 a
& = WB: a-Myc
- 100 WB: a-Myc 100
WB: a-Fla
=] =1
5 o a - o
® _ WB: af-actin * s eactn

N
w
~
o
o
~

Also, in the TOP 10 gene count of KEGG pathway enrichment, Raf-
1 belongs to other signaling pathways, such as focal adhesion,
regulation of actin cytoskeleton, Rap-1 signaling pathway, cAMP
signaling pathway, and proteolysis in cancer. In addition, we have
previously elucidated the phosphorylation sites required for the
activity of D-Raf and its cellular functions in the Torso (Tor)
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signaling pathway [39]. Therefore, we investigated whether USP7
binds several putative substrate proteins, including Raf-1.

To confirm whether putative substrate proteins bind to USP7,
we performed an immunoprecipitation assay using an anti-USP7
antibody. The putative substrate proteins ME2K1 (MEK1), MAPK1/2
(ERK1/2), MAPK9 (JNK2), NFKB1, FASLG (Fas), and AKT1 do not
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Fig.2 The PVSS motif belonging to the catalytic domain of Raf-1 binds to proteins containing the ubiquitin-like (Ubl) domain of USP7.
A The deletion mutants and two binding motif sites ([P/A/E]-X-X-S and K-X-X-X-K) of Raf-1 are indicated by the schematic drawing. Raf-1 A1
contains only the CR1 domain and Raf-1 A2 contains the CR1 and CR2 domains. Raf-1 A3 contains the CR2 and CR3 domains, and Raf-1 A4
contains only the CR3 domain (Raf-1 A1:1 a.a.-254 a.a., Raf-1 A2:1 a.a.-330 a.a., Raf-1 A3: 254 a.a.-648 a.a., and Raf-1 A4: 330 a.a.-648 a.a.).
B HEK293T cells were both transfected with Myc-USP7 and four different Flag-Raf-1 deletion mutants. And then immunoprecipitation assay
using deletion mutants of Raf-1 was performed with an anti-Myc antibody. C The deletion mutants of USP7 are indicated by the schematic
drawing. USP7 (TRAF) contains only the TRAF domain of USP7 and USP7 (UBL) contains only the UBL domain (USP7 (TRAF): 1 a.a.-104 a.a. and
USP7 (UBL): 562 a.a.-1103 a.a.). D Flag-Raf-1 and two different Myc-USP7 deletion mutants were transfected into HEK293T cells and then
immunoprecipitation assay was performed with an anti-Flag antibody. E The binding motif mutants of Raf-1 (5274R, S283R, S289R, S291R,
S295R, S322R, S428R, S508R, and S571R) are generated by site-directed mutagenesis and Myc-USP7 were co-transfected into HEK293T cells.
And then immunoprecipitations were performed with an anti-Myc antibody.

bind to USP7 (Supplement Fig. ST1A, B). However, Raf-1 was
determined to bind to USP7. Reversely, endogenously expressed
USP7 was precipitated by an anti-Raf-1 antibody (Fig. 1E), and
binding between exogenously expressed Flag-Raf-1 also binds to
Myc-USP7 (Fig. 1F). In addition, we checked for direct binding
between USP7 and Raf-1 through the GST pull-down assay using
purified GST-USP7 (Fig. 1G). In a previous study, we found that
USP7 exists in the nucleus and the cytoplasm of Hela cells [40]. In
this study, we confirmed the co-localization of USP7 and Raf-1 in
HelLa cells. Immunocytochemical analysis revealed that USP7 and
Raf-1 co-localize both in the nucleus and the cytoplasm of Hela
cells (Fig. 1H). These results suggest that Raf-1 can be a novel
binding partner of USP7.

The PVDS motif belonging to the CR2 domain of Raf-1
interacts with the TRAF domain of USP7

Through bioinformatics analysis and binding study, we found that
USP7 directly binds to Raf-1. To identify the binding domain and
which protein motifs of Raf-1 bind to USP7, we first generated
deletion forms of Raf-1 (Fig. 2A). Myc-USP7 and each deletion form
of Flag-Raf-1 were transfected into HEK293T cells. Immunopreci-
pitation analysis revealed that Myc-USP7 binds to Raf-1 A2, A3, and
A4 containing the CR2 and CR3 domains, but the other deletion
forms containing the CR1 domain were not detected (Fig. 2B). We
also determined that the TRAF and UBL domains of USP7 bind to
[P/A/E]-X-X-S or K-X-X-X-K motif, respectively. Therefore, the TRAF
domain and UBL domain mutants of USP7 were generated to
confirm which of the two binding motifs on Raf-1 binds to USP7
(Fig. 2C). Flag-Raf-1 and deletion mutants of USP7 were
transfected into HEK293T cells, and immunoprecipitation analysis
showed that Flag-Raf-1 binds to the TRAF domain of USP7 (Fig.
2D). These results indicate that Raf-1 binds to USP7 via the [P/A/E]-
X-X-S motif.

We further investigated the [P/A/E]-X-X-S and K-X-X-X-K motifs
in the CR2 and CR3 domains of Raf-1 (Fig. 2A). Nine [P/A/E]-X-X-S
motifs were determined to belong to the CR2 and CR3 domains of
Raf-1: PVDS (271-274), AIRS (280-283), ESAS (286-289), ASPS
(288-291), ALSS (292-295), APVS (319-322), EGSS (425-428), PTGS
(505-508), and PDLS (568-571). The last serine residue of these
motifs was mutated to arginine for detecting the binding motif of
Raf-1. Binding motif mutants of Raf-1 and Myc-USP7 were
transfected into HEK293T cells and immunoprecipitated by an
anti-Myc or an anti-Flag antibody. The binding affinity of Flag-Raf-
1 (S274R) was found to be decreased, compared to the other motif
mutants (Fig. 2E). These results show that the PVDS motif in the
CR2 domain of Raf-1 binds to the TRAF domain of USP7.

USP7 deubiquitinates Raf-1

Raf-1 undergoes post-translational modifications including ubi-
quitination and phosphorylation, thereby regulating the function
of Raf-1 [41]. Ubiquitination creates diverse types of ubiquitin
chains on one methionine site and seven lysine sites (for example,
M1, K6, K11, K27, K29, K33, K48, and K63) of ubiquitin [42].
Ubiquitination of Raf-1 has been reported, and it is known that E3

SPRINGER NATURE

ligases such as CHIP and HUWE1 mediate ubiquitination of Raf-1
[12, 43, 44]. However, details of chain-linked polyubiquitination of
Raf-1 and the regulation of Raf-1 stability by the ubiquitin-
proteasome system (UPS) through polyubiquitination are not well
known. Therefore, wild-type ubiquitin and its mutant constructs
(M1, K6, K11, K27, K29, K33, K48, and K63) were generated for
checking which types of polyubiquitin chains are formed for Raf-1
(Fig. 3A). Ubiquitination assay of Raf-1 was performed by
immunoprecipitation of HEK293T cells transfected with wild-type
ubiquitin, its mutants, and Flag-Raf-1. MG132 (a proteasome
inhibitor) was also treated to verify that the stability of Raf-1 is
regulated by UPS. In the ubiquitination assay using wild-type
ubiquitin, the overall ubiquitination of Raf-1 is associated with UPS
(Fig. 3B). Moreover, K6-, K11-, K29-, K33-, and K48-linked
polyubiquitinations of Raf-1 are associated with UPS, while M1-,
K27-, and K63-linked polyubiquitinations are irrelevant (Fig. 3C
and Supplement Fig. S2A). These results indicate that Raf-1
undergoes polyubiquitination on one methionine site and seven
lysine sites of ubiquitin, and K6-, K11-, K29-, K33-, and K48-linked
polyubiquitinations of Raf-1 are related to protein degradation of
Raf-1 through UPS.

The DUB activity of USP7 regulates the ubiquitination level of
various proteins including MDM2, p53, nucleolin, annexin-1, Axin,
PP2A, and PKM2 [16, 18, 19, 45, 46]. Depending on which
polyubiquitin chain is deconjugated by the DUB activity of USP7,
the stability or cellular functions of target proteins are regulated.
To confirm that USP7 deubiquitinates Raf-1, and which poly-
ubiquitin chains of Raf-1 were deconjugated by USP7, we
performed deubiquitination assays. We first confirmed that
polyubiquitin chains of Raf-1 were reduced in HEK293T cells
transfected with Myc-USP7 (WT) but not reduced in HEK293T cells
transfected with a catalytic mutant of Myc-USP7 (C223S) (Fig. 3D).
Thereafter, the effects of USP7 on M1-, K6-, K11-, K27-, K29-, K33,
K48-, and K63-linkd polyubiquitin chains of Raf-1 were investi-
gated using ubiquitin mutants. Among the eight polyubiquitin
chain types, M1-, K6-, K11-, K27-, K33-, and K48-linked poly-
ubiquitin chains of Raf-1 were determined to be regulated by the
DUB activity of USP7, but the K29- and K63-linked polyubiquitin
chains of Raf-1 were not (Fig. 3E and Supplement Fig. S2B). These
results indicate that USP7 functions as a DUB targeting M1-, K6-,
K11-, K27-, K33-, and K48-linked polyubiquitin chains of Raf-1.

USP7 regulates the ERK1/2 signaling pathway by reducing the
phosphorylation level of Raf-1

The ubiquitination level of target proteins not only affects the
stability of the target protein but is also involved in cellular and
protein functions such as gene induction, DNA damage response,
protein trafficking, and protein kinase. We confirmed that Ké6-,
K11-, K29-, K33-, and K48-linked polyubiquitinations of Raf-1 are
related to proteasomal degradation mediated by UPS and USP7
deubiquitinates M1-, K6-, K11-, K27-, K33-, and K48-linked
polyubiquitinations of Raf-1. Typically, M1-linked polyubiquitina-
tion is related to innate immunity, whereas K6-, K11-, and K48-
linked polyubiquitinations are involved in protein degradation by
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UPS. Moreover, K27- and K33-linked polyubiquitinations are
involved in kinase modification [47-49]. Therefore, the protein
stability or kinase activity of Raf-1 could be controlled by the DUB
activity of USP7. To check whether deubiquitination of Raf-1 by
USP7 inhibits UPS-dependent proteasomal degradation of Raf-1,
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the expression of USP7 was knocked down or overexpressed using
siUSP7 or Myc-USP7 construct, respectively. siRNA targeting USP7
was previously designed and used [45]. However, no change was
observed in the stability of Raf-1 depending on the expression of
USP7 (Supplement Fig. S3A). Also, the CHX exposure with P22077
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Fig. 3 USP7 deubiquitinates M1-, K6-, K11-, K27-, K33-, and K48-linked polyubiquitin chains of Raf-1. A Schematic diagram of wild-type
ubiquitin and its mutant constructs (M1, K6, K11, K27, K29, K33, K48, and K63). B Ubiquitination assay of Raf-1 was performed in HEK293T cells
transfected with Flag-Raf-1 and HA-Ub and treated with a proteasome inhibitor MG132. C HEK293T cells were transfected with Flag-Raf-1 and
each HA-Ub mutant (K6, K11, K29, K33, and K48) and treated with a proteasome inhibitor MG132. And then ubiquitination assay of Raf-1 was
performed for checking the association between the specific lysine sites of polyubiquitination and UPS. D Myc-USP7 and Flag-Raf-1 were
transfected into HEK293T cells and Flag-Raf-1 was precipitated for deubiquitination assay. For checking the decrease of overall
polyubiquitination of Raf-1 by DUB activity of USP7, deubiquitination assay was performed. E HEK293T cells were transfected with each
HA-Ub mutant (M1, K6, K11, K27, K33, and K48) and Myc-USP7. A change in the polyubiquitin chains (M1, K6, K11, K27, K33, and K48) of Raf-1

by USP7 was detected through deubiquitination assay.
<

(USP7 inhibitor) or siUSP7 showed that the half-life of Raf-1 is not
regulated by USP7 (Supplement Fig. S3B). These results indicate
that the protein stability of Raf-1 is not regulated by the DUB
activity of USP7.

We subsequently investigated alternations in the phosphor-
ylation level of Raf-1 to confirm that the deubiquitination of Raf-1
is related to the kinase activity of Raf-1. Raf-1 is phosphorylated
at serine, threonine, and tyrosine sites, and phosphorylation at
each site activates or inhibits the activity of Raf-1. We applied
phospho-specific antibodies to confirm changes in the overall
phosphorylation at the serine, threonine, and tyrosine sites of
Raf-1 by overexpression of USP7. Immunoprecipitation assay
showed that threonine phosphorylation levels of Raf-1 were
significantly decreased, while serine phosphorylation level of Raf-
1 was weakly decreased with USP7 overexpression (Fig. 4A, B).
Conversely, knockdown of USP7 resulted in increased threonine
phosphorylation levels of Raf-1. The serine phosphorylation level
of Raf-1 by USP7 knockdown increases but is not significant.
(Fig. 4C, D). However, tyrosine phosphorylation of Raf-1 was not
detected by immunoprecipitation assay (Supplement Fig. S4).
These results show that USP7 suppresses threonine phosphor-
ylation of Raf-1.

Phosphorylation of Raf-1 is not only related to activation of Raf-
1 but also related to activation of the ERK1/2 signaling pathway
through inducing phosphorylation of MEK1/2. Since USP7 over-
expression inhibits the threonine phosphorylation of Raf-1,
activation of MEK1/2 and ERK1/2 is expected to be affected by
USP7. To confirm that the DUB activity of USP7 affects the ERK1/
2 signaling pathway, the activated phosphorylation levels of Raf-1,
MEK1/2, and ERK1/2 were analyzed in kidney and LUAD cell lines,
where Raf-1 dysregulation is already known due to upregulation
of Raf-1 or downregulation of Raf regulatory proteins [50, 51].
USP7 overexpression suppresses the activation of Raf-1, MEK1/2,
and ERK1/2 in HEK293T, A549, and H1299 cell lines (Fig. 4E). Since
USP7 interacts with only Raf-1 in the Ras-Raf-MEK-ERK cascade
(Supplement Fig. S1A, B), these results indicate that USP7 inhibits
the ERK1/2 signaling pathway via binding to Raf-1. Also, down-
regulation of USP7 was applied in A549 and H1299 cells to
determine whether USP7 knockdown showed opposite results to
USP7 overexpression. Surprisingly, the USP7 knockdown sup-
pressed the activation of ERK1/2 along with an increase in p53
protein level in A549 cells. However, knockdown of USP7 in H1299
cells that have a partial deletion of the p53 protein did not induce
a significant decrease in ERK1/2 activation (Fig. 4F). These results
indicate that the knockdown of USP7 inhibits the ERK1/2 signaling
pathway via a p53-dependent mechanism. We also examined the
p53 level to determine whether USP7 overexpression regulates
the ERK signaling pathway via a p53-dependent mechanism.
However, USP7 overexpression does not affect the protein level of
p53 in A549 cells, and inhibits the activation of ERK1/2 signaling in
p53-overexpressed H1299 cells (Fig. 4G). These results suggest
that the ERK1/2 signaling pathway is regulated by a different
mechanism depending on the expression of USP7, and that the
ERK1/2 signaling pathway is modulated independently of p53
level in USP7 overexpression, and dependently of p53 level in
knockdown of USP7. Thus, our results indicate that USP7
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overexpression inhibits the ERK1/2 signaling pathway by deubi-
quitination of Raf-1 and independently of p53.

USP7 inhibits LUAD cell proliferation via modulation of the
ERK1/2 signaling pathway

Activation of the ERK1/2 signaling pathway is implicated in cancer
cell proliferation, migration, invasion, metastasis, and tumor
angiogenesis [1]. Activation of the ERK1/2 signaling pathway by
oncogenic mutation has been reported in LUAD, and inhibitors
targeting ERK1/2 signaling components are a promising cancer
therapeutic strategy [52]. Until now, studies conducted on the
cellular function of USP7 in LUAD have mostly focused on
knockdown or inactivation of USP7, whereas the effects of USP7
overexpression in LUAD have not been investigated. In our study,
we confirmed that USP7 overexpression inhibits the ERK1/
2 signaling pathway in a p53-independent manner in LUAD cell
lines. Therefore, regardless of the results of USP7 knockdown,
overexpression of USP7 in LUAD is expected to affect cell
proliferation by regulating the ERK1/2 signaling pathway via a
novel mechanism that deubiquitinates Raf-1 in a p53-independent
manner. To examine the effect of USP7 overexpression on lung
cancer, cell proliferation and migration were confirmed by
applying the colony-forming assay and wound healing assay.
Wound healing coverage of Myc-USP7-transfected A549 and
H1299 cells decreases when compared with a mock control.
Moreover, the colony-forming efficiency of Myc-USP7-transfected
A549 and H1299 cells was also decreased, as compared with the
mock control (Fig. 5A-D). These results indicate that USP7
overexpression inhibits lung cancer cell proliferation and migra-
tion. However, USP7 overexpression does not induce early and
late apoptosis in A549 and H1299 cells (Supplement Fig. S5).
Therefore, the effect of USP7 on the cell cycle was investigated
using FACS analysis. Synchronized H1299 and A549 cells by
double thymidine block were harvested after release in a time-
dependent manner, and we observed that compared with a mock
control, USP7 overexpression decreases the number of cells in G2/
M phase compared to a mock control (Fig. 5E, F). Collectively,
these results indicate that overexpression of USP7 inhibits LUAD
cell proliferation by suppressing the ERK1/2 signaling pathway in a
p53-independent manner.

DISCUSSION

Of the nine DUB families, USP7 is a cysteine peptidase that
belongs to the USP family. Being one of the well-studied DUBs,
many substrate proteins of USP7 have been identified. It is
reported that the TRAF and the Ubl2 domains of USP7 bind to the
[P/A/E]-X-X-S and K-X-X-X-K protein sequences of substrate
proteins, respectively [25, 53]. However, studies have not revealed
the binding motif of the proteins to which USP7 binds, and studies
to identify the novel binding proteins of USP7 using [P/A/E]-X-X-S
and K-X-X-X-K binding motifs are insufficient. In the current study,
we applied the motif analysis using bioinformatics tools, focusing
on both the [P/A/E]-X-X-S and K-X-X-X-K motifs to identify new
substrate proteins of USP7. Through DAVID analysis and protein-
protein interaction analysis, we selected putative substrate
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proteins from about 18,000 proteins having both binding motifs.
Several proteins with known binding to USP7, such as p53, TRAF6,
death-domain associated protein (DAXX), and avian reticuloen-
dotheliosis viral oncogene homolog A (RELA), as well as proteins
where binding has not yet been identified, were detected
[24, 54-56]. This indicates that the analysis methods applied in
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this study are effective assays for discovering substrate proteins of
USP7. Although we confirmed the binding between putative
substrates and USP7, some proteins did not actually bind to USP7
even though they had both the [P/A/E]-X-X-S and K-X-X-X-K
motifs. There may be several causes that are yet to be elucidated,
but it is expected that the diversity of the protein structure due to

SPRINGER NATURE



H.-B. Park et al.

10

Fig. 4 USP7 regulates the ERK1/2 signaling pathway by reducing the phosphorylation level of Raf-1. A Flag-Raf-1 and Myc-USP7 or siUSP7
were transfected into HEK293T cells and Flag-Raf-1 was precipitated by an anti-Flag antibody. Threonine phosphorylation of Raf-1 was
detected by Western blotting using an anti-p-Thr antibody. B Threonine phosphorylation level of Flag-Raf-1 in at least three independent
experiments was calculated by a two-tailed Student’s t-test, *p < 0.05, n =5 (left), n =3 (right). C Flag-Raf-1 and Myc-USP7 or siUSP7 were
transfected into HEK293T cells and Flag-Raf-1 was precipitated by an anti-Flag antibody. Threonine phosphorylation of Raf-1 was detected by
Western blotting using an anti-p-Ser antibody. D Serine phosphorylation level of Flag-Raf-1 in at least three independent experiments was
calculated by a two-tailed Student’s t-test, ns = not significant, n = 3 (left), n = 3 (right). E The expression of the ERK1/2 signaling factors (Raf-1,
MEK1/2, and ERK1/2) and their active forms (p-Raf-1, p-MEK1/2, and p-ERK1/2) were detected by Western blotting using indicated antibodies
in HEK293T, A549, and H1299 cells. The experiment was performed at least three times and representative data were shown. F siUSP7 was
transfected into A549 and H1299 cells in a dose-dependent manner. The expression of USP7, p53, Raf-1, p-Raf-1, ERK1/2, and p-ERK1/2 was
detected by Western blotting. G Myc-USP7 was transfected into A549 and H1299 cells. The expression of Myc-USP7, and p53 was detected by
Western blotting, and a partial deletion form of p53 protein in H1299 cells was also confirmed by Western blotting using an anti-p53 antibody.
Myc-USP7 was transfected with or without Myc-p53 in H1299 cells. The expression of ERK1/2 and p-ERK1/2 was detected by Western blotting.
The experiment was performed at least three times and representative data were shown.

the inherent protein sequence may have influenced the binding
of USP7 [25]. Therefore, further studies on the specific molecular
mechanism of USP7 through which it associates with the binding
motifs of substrate proteins will help identify novel substrates
of USP7.

Until now, USP7 has been shown to function in numerous
cellular functions, and a recent study revealed that the DUB
activity of USP7 functions as a regulator in various signaling
pathways such as Hippo, Wnt, PI3K/AKT, and IFN via deubiquitina-
tion of substrate proteins [15-17, 57, 58]. The relationship
between the MAPK signaling pathway and USP7 is yet to be
elucidated, but in this study, through DAVID analysis, we proved
putative binding proteins are related to the MAPK signaling
pathway in addition to Rap1 and cAMP signaling pathways. These
results will aid in discovering novel substrates and functions of
USP7 in the diverse signaling pathways.

In addition, the polyubiquitin chains of Raf-1 have not been fully
understood, but our results show that Ké-, K11-, K29-, K33-, and
K48-linked polyubiquitin chains of Raf-1 are related to proteaso-
mal degradation of Raf-1. It is already known that K11-, K29-, and
K48-linked polyubiquitination is mainly associated with proteaso-
mal degradation of target proteins. But in this study, we
discovered that K6- and K33-linked polyubiquitinations are related
to proteasomal degradation. Therefore, further studies on the
mechanism of proteasomal degradation by K6- and K33-linked
polyubiquitinations will help to elucidate an important role in
controlling the stability of several proteins.

We also discovered that M1-, K6-, K11-, K27-, K33-, and K48-
linked polyubiquitin chains of Raf-1 are deubiquitinated by USP7.
However, it is not known which M1- or K-linked polyubiquitin
chain of Raf-1 is related to the activity of Raf-1. On the other hand,
kinase activity of B-Raf (another Raf family isoform) is increased
by K27-linked polyubiquitination via the E3 ligase activity of itchy
E3 ubiquitin protein ligase (ITCH) [49]. Since the Raf family has
common structural features, such as having three CR domains,
the K27-linked polyubiquitination of Raf-1 is also expected to be
related to kinase activity [59]. However, to regulate the activity of
Raf-1 by USP7, additional studies on Raf-1 polyubiquitin chains
related to kinase activity are required. While USP7 decreases K6-
and K33-linked polyubiquitination of Raf-1 related to proteasomal
degradation, USP7 does not regulate the stability of Raf-1 unlike
CTLH and HUWET1, which were identified as E3 ligases of Raf-1.
Even though, the protein stability of Raf-1 is not modulated by
USP7, the threonine phosphorylation level of Raf-1 and activation
of Raf-1 are inhibited by USP7. Threonine phosphorylation of Raf-
1 is known to occur at Thr268, Thr269, and Thr491. Phosphoryla-
tion of Thr268 and Thr269 are autophosphorylation, and are not
related to the activation of Raf [14, 60]. Phosphorylation of Thr491
occurs in the activation loop and a Thr491 mutant inhibits the full
activation of Raf-1. However, the phosphorylation of Thr491 is
insufficient to activate Raf-1. Kinases and phosphatases that
regulate serine phosphorylation of Raf-1 have been elucidated
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such as PP2A and protein kinase A (PKA), but diverse research has
not been performed on the proteins that regulate threonine
phosphorylation of Raf-1. Therefore, the DUB activity of USP7 may
play an important role in elucidating the regulatory mechanism of
threonine phosphorylation of Raf-1. Therefore, further research
on the ubiquitination sites of Raf-1 regulated by E3 ligases or
USP7 is expected to modulate the ERK1/2 signaling pathway by
selectively regulating the stability or activity of Raf-1, which could
be a new therapeutic strategy in the ERK1/2 cascade activated
cancers (Fig. 6).

Raf-MEK-ERK cascade is a key signaling pathway that modulates
diverse cellular processes such as cell proliferation, differentiation,
and apoptosis [1, 4]. Also, dysfunction of the ERK1/2 signaling
pathway and mutants of ERK1/2 signaling components such as
B-Raf (V600E) and K-Ras (G12D) are the causes of several cancers
and diseases, including neurodegeneration diseases [6, 61, 62].
Therefore, several inhibitory proteins such as Raf kinase inhibitor
protein (RKIP), and specific inhibitors such as Vemurafenib (B-Raf
V600E inhibitor), Trametinib (MEK1/2 inhibitor), and Gefitinib
(EGFR inhibitor) that regulate the Raf-MEK-ERK cascade, have been
studied. However, inhibition of the ERK1/2 signaling pathway
using each inhibitor induces drug resistance by the negative
feedback loop of the ERK1/2 signaling pathway. Therefore, the use
of Raf and MEK inhibitors as a combination drug is commonly
used in various cancer types, including malignant melanoma [63].
Contrarily, our study showed that overexpression of USP7 inhibits
the phosphorylation of Raf-1, MEK, and ERK1/2 through deubi-
quitination of Raf-1. On the other hand, the USP7-MDM2/MDMX-
p53 axis plays an important role in cancer proliferation, metastasis,
and growth in various cancer types. USP7 is a deubiquitinating
enzyme that regulates both MDM2/MDMX and p53 proteins and
acts as an oncoprotein or a tumor suppressor depending on the
regulation direction [18]. Most studies have focused on cancer
therapy through the regulation of two proteins, MDM2/MDMX
and p53. Similarly, in our study, we confirmed that knockdown of
USP7 increases the p53 expression. Conversely, USP7 overexpres-
sion is expected to decrease p53 expression, but does not affect
p53 protein expression. Also, USP7 overexpression suppresses
LUAD cell growth through inhibition of the ERK1/2 signaling
pathway independently of p53. As a result, we determined that
the balance of expression of USP7 plays an important role in the
tumorigenesis of LUAD. In addition, although it is necessary to
further study whether USP7 regulates the ERK1/2 signaling
pathway via the same mechanism in other cancer cells, inhibition
of the ERK1/2 signaling pathway through USP7 could be a good
target for new cancer therapeutics along with p53/MDM2
targeting.

In the current study, we identified that USP7 binds to the PVDS
motif in the CR3 domain of Raf-1 through the binding motif and PPI
analyses. We also found that USP7 deubiquitinates M1-, K6-, K11-,
K27-, K33-, and K48-linked polyubiquitin chains of Raf-1. Moreover,
the DUB activity of USP7 reduces the threonine phosphorylation of
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Fig. 5 USP7 inhibits LUAD cell proliferation via modulation of the ERK1/2 signaling pathway. A, B Wound healing assays were performed
in Myc-USP7-transfected A549 and H1299 cells and mock vector-transfected A549 and H1299 cells as controls. And cell images were captured
at 0, 12, 24, and 48 h after scratch. Wound area (%) was determined by the rate of remaining wound area compared to control, *p < 0.05,
***p < 0.001, n =4 (A549), n =3 (H1299). C, D Colony-forming assays were performed in Myc-USP7-transfected A549 and H1299 cells and mock
vector-transfected A549 and H1299 cells as controls. Cells were stained with crystal violet solution and cell images were captured. The number
of colonies is analyzed by image J and calculated by a two-tailed Student’s t-test, *p < 0.05, **p < 0.01, n = 6 (A549), n =4 (H1299). E Cell cycle
analysis were performed in Myc-USP7-transfected H1299 cells and mock vector-transfected H1299 cells as controls with flow cytometry. Cells
were synchronized by double thymidine block and fixed by 70% ethanol and stained by FxCycle™ PI/RNase staining solution to analyze the
cell cycle, and the percentage of cells in G1, S, and G2/M phases was measured in a time-dependent manner (0, 4, and 8 h). Representative
data was shown from at least three independent experiments. F A549 cells were also synchronized by double thymidine block and fixed by
70% ethanol and stained by FxCycle™ PI/RNase staining solution to analyze the cell cycle, and the percentage of cells in G1, S, and G2/M
phases was measured in a time-dependent manner (0, 6, 12, and 18 h). Representative data was shown from three independent experiments.
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Fig. 6 A model for USP7 mediating the ERK1/2 signaling pathway
through deubiquitination of Raf-1. USP7 deubiquitinates M1-, K6-,
K11-, K27-, K33-, K48-linked polyubiquitin chains of Raf-1. And USP7
decreases the phosphorylation level of Raf-1 disrupting MEK1/2-
ERK1/2 signal transduction through Raf activation. Inactivation of
ERK1/2 signaling pathway inhibits the proliferation of lung
adenosarcoma cells though delaying the G2/M phase.

Raf-1 and inhibits the ERK1/2 signaling pathway through the
suppression of p-Raf. Overexpression of USP7 was found to inhibit
the ERK1/2 signaling pathway and induce cell cycle delay. Taken
together, we deduce that USP7 suppresses LUAD cell proliferation.
Therefore, we believe that USP7 has the potential to be applied as a
novel regulator in the ERK1/2 signaling pathway.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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Data will be made available on reasonable request.
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