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KEY WORDS Abstract Inducing the degradation of KRAS represents a novel strategy to combat cancers with KRAS
mutation. In this study, we identify ubiquitin-specific protease 2 (USP2) as a novel deubiquitinating
enzyme of KRAS in multiple myeloma (MM). Specifically, we demonstrate that gambogic acid (GA)
forms a covalent bond with the cysteine 284 residue of USP2 through an allosteric pocket, inhibiting
its deubiquitinating activity. Inactivation or knockdown of USP2 leads to the degradation of KRAS,
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resulting in the suppression of MM cell proliferation in vitro and in vivo. Conversely, overexpressing
USP2 stabilizes KRAS and partially abrogates GA-induced apoptosis in MM cells. Furthermore, elevated
USP2 levels may be associated with poorer prognoses in MM patients. These findings highlight the po-
tential of the USP2/KRAS axis as a therapeutic target in MM, suggesting that strategically inducing
KRAS degradation via USP2 inhibition could be a promising approach for treating cancers with KRAS

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

KRAS protein is an essential molecular switch governing cell
growth. In an unstimulated cell, the KRAS proteins are predom-
inantly populated in the inactive GDP-binding state' . Upon the
stimulation of upstream growth-promoting signals, KRAS can be
activated by guanine nucleotide exchange factors (GEFs) to enter
the GTP-binding state and interact with their downstream target
proteins, such as RAF-kinases and PI3K, which subsequently
initiate downstream signaling cascades*®. In contrast, mutant
KRAS is constitutively active and results in uncontrolled cell
growth and subsequently, carcinogenesis’.

KRAS mutations have been implicated in various cancers,
including multiple myeloma (MM), lung, pancreatic, and colon
cancers™™’. Notably, in MM, KRAS is the most frequently
mutated protein, identified in approximately 22% of patients'’.
Moreover, in relapsed/refractory disease, bone marrow or circu-
lating tumor DNA sequencing revealed activating RAS mutations
in up to 70%. Mutant KRAS is correlated with reduced overall
survival, elevated tumor aggressiveness, and increased tumor
burden in MM patients, underscoring its pivotal role as an onco-
protein in the pathogenesis and progression of MM''"!® There-
fore, KRAS may present a promising therapeutic target for MM
treatment.

The KRAS protein has long been considered an ‘undruggable’
protein due to the lack of deep hydrophobic pockets that allow the
tight binding of inhibitory small molecules’. Currently, most small
molecules are designed to target a frequent KRAS mutant,
KRAS®'?C, by forming a covalent bond with the cysteine 12
residue’*. Two FDA-approved KRAS®'? inhibitors, sotorasib and
adagrasib, have demonstrated encouraging outcomes in clinical
trials; however, the effectiveness of KRASCS'?C inhibitors is
limited by rapid heterogeneous patterns of resistance and MAPK
signaling reactivation after treatment'>. In addition, few molecules
have been developed to target other mutants'>'’. Hence, new
strategies are required to target mutant KRAS and inhibit its
aberrant activity.

Other than developing small-molecule inhibitors, a potential
approach could be to promote the degradation of KRAS'®. The
cellular stability of KRAS is controlled by a balance between
ubiquitination and deubiquitination'®**. Specifically, KRAS can
be ubiquitinated by E3 ubiquitin ligases, such as B-TRCP or
LZTRI, and degraded by the proteasome”*’. Meanwhile, the
ubiquitination of KRAS can be suppressed by deubiquitinating
enzymes (DUBs), which remove the polyubiquitin chains from
KRAS and thereby maintain its stability. Since the E3 ubiquitin
ligases of KRAS are also frequently mutated in tumors, inhibiting
the activities of KRAS’s DUBs might be a more viable strategy.

Although two DUBs, USP18 and OUTBI, are associated with the
stability of KRAS, the DUBs that directly remove ubiquitin(s)
from and stabilize KRAS remain unknown’®.

Ubiquitin-specific protease 2 (USP2) is a ubiquitin-specific
protease that belongs to the DUB family. USP2 has been found to
deubiquitinate and stabilize a diverse group of proteins, including
HDM2/p53, Cyclin D1, PER1, Cryl, FASN, LDLR, TRAF6,
TBK1, and TGFBR1—TGFBR2 complex”’ >, As a result, USP2
plays critical roles in regulating cell survival, cell cycle, circadian
rhythm, cell metabolism, inflammatory response, antiviral
response, and metastasis’ >, On top of its broad regulatory ac-
tivities, USP2 is involved in the tumorigenesis of many cancers,
such as glioma, testicular cancer, breast cancer, and prostate
cancer’®*’. Nevertheless, the role of USP2 in the pathogenesis of
MM remains unexplored.

In the present study, we show that USP2 is a direct DUB of
KRAS in MM cells. Specifically, our initial findings indicated that
the cellular levels of KRAS could be reduced by (GA), a natural
product extracted from gamboge (Garcinia hanburyi). We then
discovered that GA could covalently bind to USP2 in an allosteric
manner, thereby inhibiting its activity. We further revealed that the
USP2 stabilizes KRAS by deubiquitination; consequently, USP2
inactivation induced by GA could lead to the destabilization of
KRAS, resulting in the suppression of MM cell proliferation
in vitro and in vivo. Based on these findings, we propose that
targeting the USP2/KRAS axis presents a promising avenue for
MM treatment.

2. Materials and methods

2.1.  Cell lines, plasmid, and agents

MM.1S and RPMI 8226 cells were obtained from the American
Type Culture Collection (Manassas, VA, USA). The bone marrow
(BM) samples were collected from newly diagnosed MM patients
at the Tongren Hospital, which is affiliated to Shanghai Jiao Tong
University School of Medicine (SJTU-SM). Informed consent was
obtained from all patients before the study. All manipulations
were approved by the Medical Science Ethics Committee of
SITU-SM. All cells were cultured in RPMI-1640 (BasalMedia,
Shanghai, China) supplemented with 10% fetal calf serum
(EuroClone, Life Science Division, Milan, Italy) at 37 °C in a
humidified atmosphere with 5% COs,.

2.2. RNA isolation and real-time quantitative PCR

Total RNA was extracted from 5 x 10° cells using the TRIzol
reagent (Invitrogen) following the manufacturer’s instructions.
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The first-strand cDNA was synthesized from 1 pg of total RNA
with the RNA PCR Kit (AMV) Ver.3.0 (TaKaRa) and random
primers. Then, 50 ng of total cDNA was used for real-time PCR
with the SYBR Premix Ex Taq Kit (TaKaRa). The relative gene
expression was analyzed by the Comparative Ct method using
B-actin as endogenous control. The primers for real-time PCR are
as follows: USP2 forward 5'-ATGTCCCAGCTCTCC-3’ and
USP2 reverse 5'- AGGACGGGGTGTAGG-3'; B-Actin forward
5'-CATCCTCACCCTGAAGTACCC-3' and $3-Actin reverse 5'-A
GCCTGGATAGCAACGTACATG-3'; KRAS forward 5'-CA
GTGCAATGAGGGACCAGT-3' and KRAS reverse 5'-AGCA
TCCTCCACTCTCTGTCT-3'.

2.3.  Cell viability assay

The Cell Counting Kit-8 (CCK-8, Dojindo, Kumamoto, Japan)
assay was performed to measure cell viability according to the
manufacturer’s instructions. Briefly, the cells were cultured in 96-
well plates, treated with drugs at the indicated concentrations, and
then incubated with the CCK-8 working solution for 1—4 h at
37 °C. The resulting absorbance was detected at 450 nm in a
microplate reader.

2.4.  Western blotting

The cells were harvested, washed with PBS, and lysed by
2 x SDS buffer. Equal quantities of protein extract were elec-
trophoresed using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to nitrocellulose
membranes. The membranes were blocked with 5% non-fat milk
at room temperature for 1 h and incubated with primary antibodies
overnight at 4 °C. The membranes were then incubated with the
horseradish peroxidase (HRP)-conjugated secondary IgG antibody
at room temperature for 2 h. The membranes were finally imaged
using the ECL detection system (ThermoFisher, USA). The
antibodies used are as follows: PARP1 (#9532, Cell
Signaling Technology), p-ERK (#4370, Cell Signaling Technol-
ogy), p-AKT(Ser473) (#4060, Cell Signaling Technology), 8-actin
(#4970, Cell Signaling Technology), USP2 (10392-1-AP,
Proteintech, China), Ubiquitin (sc-8017, Santa Cruz), Vinculin
(66305-1-Ig, Proteintech, China), GAPDH (60004-1-Ig,
Proteintech, China), Streptavidin-HRP (s6390, Sigma—Aldrich),
KRAS (12063-1-AP, Proteintech, China), GFP (50430-2-AP,
Proteintech, China), FLAG (66008-4-Ig, Proteintech, China), Myc
(16286-1-AP, Proteintech, China), HA (81290-1-RR, Proteintech,
China).

2.5.  Ub-AMC protease assay

The ubiquitin-7-amino-4-methylcoumarin (Ub-AMC) hydrolysis
assays were performed at 25 °C in the assay buffer (50 mmol/L
Tris/HCI, 150 mmol/L NaCl, 2 mmol/L EDTA, 2 mmol/L DTT,
1 mg/mL bovine serum albumin (Roche), pH 7.5). The recombi-
nant USP2 (20 nmol/L) was pre-incubated with DMSO or the
respective compounds (50 umol/L) for 30 min. Then, the enzy-
matic reaction was initiated by adding the Ub-AMC substrate
(300 nmol/L). The reaction mixture was incubated at room tem-
perature for 1 h before the reaction was terminated by adding
acetic acid (100 mmol/L). The fluorescence intensity was
measured on a Synergy H4 Hybrid Microplate Reader, with a
368-nm/467-nm filter pair and a 455-nm cut-off.

2.6.  Cellular thermal shift assay (CETSA)

CETSA was performed as previously described’®. Briefly, PBS-
diluted MM.1S cell suspensions were freeze-thawed three times
with liquid nitrogen. The soluble fraction (lysate) was separated
from the cell debris by centrifugation at 20,000 x g for 20 min at
4 °C. The cell lysates were equally divided into two aliquots, with
one aliquot treated with DMSO and the other aliquot with GA
(20 mmol/L). After 10—30 min incubation at room temperature,
the respective lysates were aliquoted into 20 pL aliquots, which
were heated individually at different temperatures for 3 min (Veriti
thermal cycler, Applied Biosystems/Life Technologies) followed
by cooling for 3 min at room temperature. The appropriate tem-
peratures were determined by preliminary CETSA experiments.
Subsequently, the heated lysates were centrifuged at 20,000 x g
for 20 min at 4 °C to separate the soluble fractions from the
precipitates. The supernatants were then subjected to SDS-PAGE
and Western blot.

2.7.  Purification of USP2 and UBA5?2

The catalytic core of USP2, from Asn259 to Met605, was inserted
into the pET28a vector. Plasmid was transformed into E. coli
BL21 (DE3) cells, USP2 were expressed in E. coli BL21(DE3)
cells overnight at 37 °C. Overexpression was induced with iso-
propyl-G-p-thiogalactoside (0.5 mmol/L) at an ODggg of 0.6—0.8.
Cells were harvested, and resuspended in buffer A 10 mmol/L
Tris/HCl, 100 mmol/L NaCl, pH 8.0). The supernatant was
separated from cell debris by centrifugation at 18,000 x g for 1 h
at 4 °C and loaded onto a Ni-NTA column (GE Healthcare) that
equilibrated with the buffer A. USP2 was gradient eluted with
buffer A supplemented with 20 mmol/L to 250 mmol/L imidazole
using the AKTA protein purification system. Subsequently, the
eluted protein was applied to a size exclusion chromatography
column (Superdex 75, HiLoad 26/60, Amersham) equilibrated
with 45 mmol/L potassium phosphate (pH 6.0) and 300 mmol/L
NaCl. The fractions containing USP2 were diluted 1:3 in water
and concentrated using an Amicon ultracentrifugation device
(10 kDa cutoff) to concentrations ranging from 10 to 50 mg/mL.
The concentrated protein was flash-frozen as 20—50 pL aliquots
in liquid nitrogen and stored at —80 °C before use.

Human UBA52 was amplified from a cDNA library with the
sense primer 5'-TCGCGGATCCATGCAGATCTTTGTGAAGA
CCCTC-3' and the antisense primer 5- TCCGCTCGAGTTA
TTTGACCTTCTTCTTGGGACG-3' and cloned into Pgex-6pl
by using the restriction enzymes BamH I/Xho I.

The pGEX-6P1-UBA52 plasmid was then transfected into E.
coli BL21(DE3), GST-UBAS52 were expressed in E. coli BL21
(DE3) cells overnight at 16 °C. Overexpression was induced with
isopropyl-g-p-thiogalactoside (0.5 mmol/L) at an ODggy of
0.6—0.8. Cells were harvested and resuspended in lysis buffer
(10 mmol/L Tris/HCI, 140 mmol/L NaCl, 2.7 mmol/L KCI,
10 mmol/L disodium hydrogen phosphate, 1.8 mmol/L potassium
dihydrogen phosphate, 0.1% NP-40, 1 mmol/L PMSF, 1 mmol/L
Cocktail, pH 8.0). The supernatant was separated from cell debris
by centrifugation at 18,000 x g for 1 h at 4 °C. The GST-tagged
proteins were purified with a GSTCap 4FF column and eluted with
the elution buffer (250 mmol/L Tris/HCI, 50 mmol/L reduced
glutathione, 100 mmol/L. NaCl, and 0.1% NP-40, pH 8.0). The
eluted protein was then purified, concentrated, aliquoted, and
snap-frozen using the same conditions as for USP2.
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2.8.  Kinetic determination of the USP2—GA interaction

The specific interaction between USP2 and biotin—GA follows the
typical covalent binding scheme, during which USP2 forms an
initial encounter complex, USP2:GA, which then irreversibly
forms a covalently linked complex USP2—GA, as shown in Eq.
(1):

USP2 + GA = USP2 : GA—USP2—GA (1)

To determine the values of k., the rate constant for
USP2—GA formation at saturating [GA], and K;, the apparent
dissociation constant for the initial USP2: GA complex (USP2:
GA), USP2 was incubated with a large excess of GA for different
periods and the covalent linked USP2—GA complexes
[USP2—GA] were analyzed by SDS gel and subsequent Western
blot using streptavidin-HRP. The protein bands on the gels were
quantified by densitometry. Scanning was performed at optimal
exposure time where band intensity was proportional to the con-
centration of protein present. Gel photographic images were
stored as GRAYSCALE pictures in the TIFF format and were
processed using Quantity One software. Under the pseudo-first-
order experimental conditions, the concentrations of USP2 and
USP2—GA complex follows the equations below:

[USP2],=[USP2],- e Fovs! (2)

[USP2 — GA] =[USP2], — [USP2],=[USP2],- (1 —e f=7)  (3)

Here, [USP2]y is the initial concentration of USP2 at time point
0 and [USP2], represent the USP2 concentration at time point ¢.
The reaction rate constant, k., at different GA concentrations can
be calculated by fitting the experimental data to Eq. (3). The
values of kj,,. and K; were determined by fitting the &, values to
Eq. (4):

kobs = kinact : [ [GA] (4)

GA]+K;

2.9.  Pull-down of gambogic acid-bound proteins

MM.1S cells were harvested and lysed in the RIPA buffer sup-
plemented with protease and phosphatase inhibitors (Calbiochem,
Darmstadt, Germany) with brief sonication. After centrifugation at
12,000 x g for 30 min, the supernatant was collected. Two equally
amounts of supernatants were incubated with biotin or biotin—GA
for 1 h at room temperature. The mixtures were then incubated
with 100 pL of Streptavidin-beads in the RIPA buffer overnight at
4 °C. After incubation, the beads were washed three times with the
RIPA buffer. The bead-bound proteins were eluted, separated by
SDS-PAGE, and visualized by commassie staining. The differ-
ential bands were cut down and subjected to mass spectrometry
analysis.

2.10.  Tumor xenograft

Experiments were performed under the approval of the
Experimental Animal Ethical Committee at Shanghai Jiao
Tong University School of Medicine (SJTU-SM). MM.1S or
MM.1S-cas9-sgUSP2 cells were injected subcutaneously into the
flanks of 6-week-old male NOD/SCID (National Cancer Institute/
National Institutes of Health) mice, respectively. A 100 pL
mixture of 1 x 107 cells with 50% growth factor reduced Matrigel

(BD Biosciences) was injected into each mouse. Tumor volume
was calculated using Eq. (5):

Tumor volume = 7w/6 x Length x Width x High 5)

Mice were sacrificed for tumor dissection three weeks after the
xenograft injection.

2.11.  Immunohistochemical staining

Immunohistochemical experiments were performed on formalin-
fixed, paraffin-embedded, 4 um-thick tissue sections. The sections
were firstly deparaffinized and rehydrated. Then, antigen retrieval
was performed on the rehydrated tissue using a retrieval solution.
The sections were then quenched with 0.3% hydrogen peroxide in
methanol for 30 min to block endogenous peroxidase activity and
washed in TBS (pH 7.2). Subsequently, the sections were blocked
with 5% normal goat serum for 20 min and incubated with pri-
mary antibodies. For proliferation studies, the sections were
stained with a Ki-67-specific antibody (Dako). Apoptotic cells
were detected in sections using the TUNEL staining. The bound
antibody was detected by a biotin-linked anti-rabbit secondary
antibody and streptavidin-conjugated HRP enzymes in conjunc-
tion with the DAB chromagen. The counterstaining was per-
formed with hematoxylin.

2.12.  Molecular docking simulations

The initial structure of USP2 was obtained from the protein data
bank (PDB ID:3NHE)™. In the simulation system, the protein was
parameterized with AMBERY9SB*-ILDNP ) force field and sol-
vated in a cubic box of TIP3P water extended by 10 A. The
general Amber force field (GAFF)*! was used for the ligand. A
rational number of counterions were added to neutralize the sys-
tem. The LINCS algorithm® was used to constrain all bonds
involving hydrogen atoms. The long-range electrostatic interac-
tion was treated by particle mesh Ewald (PME)* with a cutoff of
12 A. The system was first minimized using the steepest descent
algorithm to remove bad contacts. Then, the system was heated to
300 K in 5 ns with a harmonic restraint (1000 kcal/(mol-nm?)).
For the umbrella sampling, 28 windows were used with a constant
force of 100 kJ/(mol-nm). In each window, we performed 50 ns
simulations and used the center-of-mass distance between the
ligand and the Cys284 residue as a collective variable, ranging
from 32 to 5 A. The average structure from the last 10 ns of each
simulation was selected for exploring USP2 conformations that
have a solvent-accessible Cys284. All simulations were performed
with GROMACS 5.1.4 software patched with PLUMED 2.3™.

2.13.  Molecular docking and virtual screening

To predict the binding mode between USP2 and GA, the Covalent
Dock module in the Schrodinger software suite 2020 was used
with default parameters for the selected USP2 conformation. The
Cys284 residue was targeted via the Michael addition mechanism.
The ligand GA was prepared by LigPrep (Schrodinger LLC, 2020)
and USP2 was prepared by Protein Prepare Wizard (Schrodinger
LLC, 2020). To identify novel USP2 inhibitors targeting this
pocket, a structure-based virtual screening was performed from
the ChemDiv database with the smina software”>*°. The random
seed was explicitly set to 0.
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2.14.  Statistical analysis

All the experiments were repeated for 3 to 4 times, and the data are
presented as the mean =+ standard deviation (SD). Student’s #-test
was used for the comparison between two groups. All data were
analyzed utilizing GraphPad Prism 5.0, and *P < 0.05, **P < 0.01,
*EP < 0.001, *¥**#*P < 0.0001 versus control group.

3. Results

3.1. GA induces the degradation of KRAS

We first screened a homemade compound library to identify the
compounds that can reduce the level of KRAS using MM cell
lines, MM.1S and RPMI 8226, both of which harbor KRASCE12A
activating mutation. As shown in Fig. 1A and B, GA treatment
could reduce the levels of KRAS in both cell lines, while the other
compounds showed no similar or weak effect. Further experiments
showed that GA could reduce the levels of KRAS in both cell lines
in a concentration and time-dependent manner, together with the
downstream effectors of KRAS, including p-ERK (MAPK
pathway) and p-AKT (PI3K pathway) (Fig. 1C—F). Moreover,
real-time qPCR analysis showed that GA did not change the
transcriptional level of KRAS (Supporting Information Fig. S1),
suggesting that GA may reduce KRAS at the post-transcriptional
level.

To determine whether the decrease in KRAS protein levels
resulted from proteasomal degradation, we treated the MM cells
with GA in the presence or absence of the proteasome inhibitor
MG132. The results indicated that GA-induced downregulation of
KRAS protein was partially rescued by MG132, suggesting that
the KRAS protein degradation is associated with the ubiquitin-
proteasome pathway (Fig. 1G and H). Furthermore, we employed
the cycloheximide (CHX) assay to evaluate the stability of KRAS
upon GA treatment. As shown in Fig. 1I—L, the half-life of KRAS
was significantly shortened upon GA treatment in the CHX assay
in both cell lines. These data suggest that GA can induce the
proteasomal degradation of KRAS, which in turn impairs the
downstream signal transduction in MM cells.

3.2.  Identification of USP2 as a novel target of GA

To identify the target of GA for its KRAS-reducing activity, we
synthesized a biotin-labeled GA (Fig. 2A), which retained the
ability to induce the degradation of KRAS in MM cells
(Supporting Information Fig. S2A). The interacting proteins of
biotin-GA in MM.1S cells were then pulled down, separated by
SDS-PAGE, and stained with Coomassie blue (Fig. 2B). The
differential bands were cut down and subjected to mass spec-
trometry analysis. Among the potential GA-interacting proteins
(Supporting Information Table S1), HSP90 and USP2, two pro-
teins related to protein degradation, attract our attention. HSP90 is
a known GA target and as a chaperon protein, it can regulate the
stability of various proteins*’**. However, HSP90 inhibitor
STA9090 treatment cannot reduce the protein level of KRAS in
MM.1S cells, indicating that KRAS is not a substrate of HSP90
(Supporting Information Fig. S3). Thus, we paid more attention to
USP2, a novel interacting protein of GA. To further confirm that
USP2 is a target of GA, the lysates of MM.1S and RPMI
8226 cells were incubated with biotin-GA, followed by precipi-
tation with streptavidin-coated agarose beads and gel

electrophoresis. Immunofluorescence staining with the antibody of
USP2 and biotin also indicated that biotin-GA colocalized with
USP2 (Fig. S2B). The precipitates were subsequently blotted with
anti-USP2 antibodies. As shown in Fig. 2C, the biotin-GA probe
effectively pulled down the USP2 protein in the cell lysates. The
interaction between USP2 and GA was further confirmed by a
competition experiment: the binding of biotin-GA to recombinant
USP2 was competitively inhibited by higher concentrations of
unlabeled GA (Fig. 2D). These findings collectively suggested the
specific interaction between GA and USP2.

Next, we performed a Cellular Thermal Shift Assay (CETSA)
to determine whether GA directly binds to USP2 in cells. CETSA
is designed to detect direct ligand-protein interactions by
measuring changes in the protein’s thermal stability in the pres-
ence or absence of a ligand compound; specifically, the ligand-
protein complex is posited to exhibit enhanced thermal stability
compared with the protein alone. As shown in Fig. 2E and F,
compared with DMSO treatment, GA increased the thermal sta-
bility of USP2 in MM.1S cells; meanwhile, no significant change
in the thermal stability of vinculin (negative control) could be
observed. Furthermore, the thermal stability of USP2 could be
enhanced by GA in a dose-dependent manner at 55 °C
(Fig. 2G—H). In addition to the CETSA results, the drug affinity-
responsive target stability assay showed that GA could prevent the
pronase-mediated digestion of USP2 in a dose-dependent manner
(Supporting Information Fig. S4). These data collectively suggest
that USP2 is a direct interacting protein of GA.

3.3.  GA specifically inhibits the activity of USP2 in vitro

Considering that USP2 functions as a ubiquitin-specific protease,
we hypothesized that the binding of GA to USP2 may inhibit its
enzymatic activity. To test this hypothesis, A ubiquitin-7-amino-4-
methylcoumarin (Ub-AMC) hydrolytic assay was performed as
previously described*’. As shown in Fig. 21 and J, GA inhibited
the hydrolytic activity of USP2 against Ub-AMC in a
concentration-dependent manner (Fig. 2I). The ICsq value of GA
for inhibiting USP2 was determined to be 1.8 umol/L (Fig. 2J).
This result was further confirmed by an in vitro gel-based assay
using GST-UBAS52 as a substrate of deubiquitinating enzymes, in
which GA inhibited the USP2-mediated cleavage of GST-UBAS2
in a dose-dependent manner (ICsy, = 2.7 pmol/L) (Supporting
Information Fig. S5). UBAS2 is a fusion protein consisting of
ubiquitin at the N terminus and ribosomal protein L40 at the C
terminus. Compared with Ub-AMC, UBAS?2 is a natural substrate
of ubiquitination, and it can provide the actual biochemical events
on the catalytic efficiency of DUBs™.

Since USP2 belongs to the cysteine protease family, we
questioned whether GA could also inhibit the enzymatic activities
of other proteases, specifically cathepsin B (a cysteine protease)
and cathepsin D (an aspartic protease). We measured the inhibi-
tory effect of GA on cathepsin B and cathepsin D compared with
those of their inhibitors, E64D, and pepstatin. As depicted in
Supporting Information Fig. S6A and S6B, GA exerted low
inhibitory effects on the activities of cathepsin B and cathepsin D,
which was 23 + 2.0% and 18.7 + 0.98%, even at a concentration
of 100 pmol/L; in contrast, E64D and pepstatin strongly inhibited
the activities of cathepsin B (83.0 £ 2.2%) and cathepsin D
(84.9 £ 2.46%), respectively. In addition, using GST-UBAS52 as
the substrate, we found that GA only exhibited weak inhibitory
effects against USP7, with an ICs value of 17 pmol/L (Fig. S6C).
Moreover, the USP7 inhibitor, P22077 could not down-regulate
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Figure 1  GA induces the degradation of KRAS. (A, B) MM.1S (A) or RPMI 8226 (B) cells were treated with the indicated compounds for 24 h.

The protein levels of KRAS were then examined by Western blot. GA 1 pmol/L, isoalantolactone, lenalidomide, YL064, adenanthin, oridonin,
bavachin, and isobavachalcone at 10 umol/L, respectively. (C, D) Levels of KRAS, p-ERK, and p-AKT in MM.1S (C) and RPMI 8226 (D) cells
treated with GA at different concentrations for 24 h. (E, F) Levels of KRAS, p-ERK, and p-AKT in MM.1S (E) and RPMI 8226 (F) cells treated
with 1 pmol/L GA for the indicated times. (G, H) Levels of KRAS in MM.1S (G) and RPMI 8226 (H) cells treated with 1 pumol/L. GA for 24 h in the
presence or absence of MG132 (20 umol/L), which was added 6 h before the cells were harvested. (I, J) Levels of KRAS in MM.1S (I) and RPMI
8226 (J) cells treated with 50 pg/mL cycloheximide (CHX) in the presence or absence of 1 umol/L. GA for the indicated times. (K, L) Relative band
intensities of KRAS in (I) and (J), normalized to $-actin. Data are mean + SD (n = 3), P-values were analyzed by two-way analysis of variance
(ANOVA) (K, L). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, * versus control group.

KRAS in MM cells but could reduce the protein level of IKZF1, indicating that USP9X and USP24 are not the DUBs for KRAS

one substrate of USP7, indicating KRAS is not a substrate of
USP7 (Fig. S6D)”'. Since GA is a multiple targets compound, we
also tested whether GA could also target OTUB1 or USP18 and
other USPs that have been reported to play a role in myeloma
cells, including USP9X, USP24, USP10, USP14, USP8, USP12
and USP15°>°°, by CETSA assay. Compared to its effect on
USP2, GA doesn’t change the thermal stability of OTUBI,
USP18, USP10, USP12, USP14, USP15, and USP8 but has a mild
effect on USP9X and USP24 (Supporting Information Fig. S7A
and S7B). However, WP1130, the inhibitor of USP9X and
USP24, could not reduce the KRAS protein level in MM cells,

(Fig. S7C). These findings collectively suggest that GA could
relatively specifically inhibit the deubiquitinating activity of USP2
in vitro.

3.4.
USP2

Cysteine 284 is critical for the covalent binding of GA to

We then investigated the mode of interaction between GA and
USP2. Interestingly, preincubation of iodoacetic acid (IAA), a
cysteine alkylating agent, with USP2 completely inhibited the
binding of biotin-GA to USP2 (Supporting Information Fig. S8),
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USP2 is a novel target of GA. (A) Synthesis of biotin—GA. (B) Coomassie brilliant blue-stained SDS-PAGE gel of precipitates pulled

down by biotin—GA, 90 kDa, and 70 kDa, which were then identified by mass spectrometry to be HSP90 and USP2, respectively. (C) The pre-
cipitates pulled down by biotin—GA or biotin from MM.1S or RPMI 8226 cell lysates were examined by western blotting with anti-USP2 antibody.
(D) Recombinant USP2* %9769 w55 incubated with biotin or biotin—GA in the absence or presence of 75 umol/L or 150 pmol/L of unlabeled GA.
The precipitates were separated by SDS-PAGE and detected by western blotting with HRP-streptavidin and anti-USP2 antibody, respectively. (E)
CETSA was performed on MM.1S cells as described in materials and methods. The stabilization effect of GA on USP2 and vinculin at different
temperatures. (F) Band intensities of USP2 relative to vinculin in (E). (G) Effect of different concentrations of GA on the stability of USP2 at 55 °C.
(H) Relative band intensities of USP2 in (G). (I) Results of the Ub-AMC assay show that GA inhibits USP2 activity in a dose-dependent manner. (J)
The ICs, value of GA for inhibiting USP2 was determined to be 1.8 umol/L. Data are mean &+ SD (n = 3), P-values were analyzed by two-way
ANOVA (F). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus control group.

suggesting that GA may covalently bind to the cysteine(s) of USP2,
which is consistent with previous reports that GA can covalently
bind to its targets through cysteine residues’®. To determine the
specific residue in USP2 modified by GA, we incubated the USP2
protein with GA and digested the protein with trypsin, followed by
LC—MS/MS analysis. A peptide with a calculated mass of
1321.70 Da, which is 628 Da larger than the Cys284-containing
peptide NSILQCLSN with a calculated mass of 693.70 Da was
identified. The mass difference of 628 Da matches the molecular
weight of a GA molecule. Tandem mass spectrometry of this
peptide revealed that the 628 Da mass shift occurred starting from
the y6 to the y11 fragment ions, indicating that the Cys284 residue
was covalently modified by GA (Fig. 3A). To confirm the inter-
action between GA and the Cys276 residue of USP2, we con-
structed two mutants of USP2 by replacing Cys276 with serine
(C276S) or Cys284 with serine (C284S), respectively. As shown in
Fig. 3B, biotin-GA was effectively combined with the USP2¢276S
but not USP2°%%45, These data suggest that GA could specifically
form a covalent bond with the Cys284 residue of USP2.

The binding kinetics of GA to USP2 were further determined by
quantifying the USP2 pulled down by different concentrations of

biotin-GA at different incubation time points. It can be observed
from Fig. 3C that the binding of GA to USP2 was dependent on the
incubation time, following the pattern of an irreversible binding
mechanism. The data were then fitted to determine the observed
rate constants for binding (k,,s) at various GA concentrations
(Fig. 3D). By plotting these ks values as a function of GA con-
centration, a saturation curve was obtained (Fig. 3E). From this
curve, the inhibition constant (K;) and the rate of inactivation
(Kinact) of GA to USP2 were determined to be 2.597 umol/L and
0.03 min~", respectively. These data suggest that GA covalently
binds to USP2 in a dose- and time-dependent manner.

3.5.  GA binds to USP2 through an allosteric pocket

Intriguingly, according to the crystal data of USP2 (PDB: 2HDS),
the Cys284 residue was buried inside USP2 (Supporting
Information Fig. S9), suggesting that USP2 may undergo
conformational changes to interact with GA. To elucidate the
mode of action of GA, molecular docking simulations were per-
formed. Firstly, umbrella sampling was employed to make Cys284
solvent accessible. Then, covalent docking was performed to



5242

Yingying Wang et al.

explore the binding mode of GA to USP2. As shown in Fig. 3F,
molecular docking indicated that P565 and R289 are critical for
forming the pocket for GA to bind to USP2. To verify this result,
P565 and R289 were mutated into alanine (P565A) and leucine
(R289L), respectively. These USP2 mutants were then incubated
with GA and subjected to the Ub-AMC assay. The activities of the
R289L (Fig. 3G and H) and P565A (Fig. 31 and J) mutants were
less inhibited by GA compared with that of the WT, agreeing with
the molecular docking results that P565 and R289 were critical for
the GA-USP2 interaction.

We further validated the existence of this molecular pocket by
employing a virtually screened USP2 inhibitor, ICU30 (Supporting
Information Fig. S10A). Despite its structural dissimilarity from
GA, ICU30 is also predicted to fit into this specific pocket
(Fig. S10B). Using the Ub-AMC assay, we demonstrated that
ICU30 could inhibit the activity of USP2 in vitro (Fig. S10C) with
an ICsg of 1.2 pmol/L (Fig. S10D). Similarly, the R289L (Fig. S10E
and S10F) and P565A (Fig. S10G and S10H) mutations could also
abrogate the inhibitory effects of ICU30 on USP2, suggesting that
ICU30 may bind to the allosteric pocket targeted by GA.

Furthermore, CETSA showed that ICU30 increased the thermal
stability of USP2, indicating that ICU30 interacts with USP2 in
cells (Supporting Information Fig. ST1A and S11B). As expected,
ICU30 treatment suppressed the proliferation of MM.1S cells
(Fig. S11C) and reduced the cellular protein level of KRAS in
MM.1S cells (Fig. S11D) in a dose-dependent manner. To sum-
marize, the inhibitory effect of ICU30 on USP2 not only confirmed
the existence of the allosteric pocket but also highlighted its ther-
apeutic potential in MM treatment.

3.6.  USP2 regulates the stability of KRAS

Building on the observations that GA decreases KRAS protein
levels in MM cells and inhibits USP2 activity, we hypothesized
that USP2 may regulate the stability of KRAS. To test this hy-
pothesis, we knocked out USP2 in MM.1S and RPMI 8226 cell
lines using CRISPR/Cas9. As depicted in Fig. 4A—D, the
knockout of USP2 resulted in a reduction in the KRAS protein
levels (Fig. 4A and C) but not in mRNA levels (Fig. 4B and D) in
both cell lines, which was similar to the effects of GA treatment.
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Cysteine 284 is critical for the binding of GA to USP2. (A) LC—MS/MS analysis. Analysis of recombinant USP2 incubated with GA

for 30 min. C+ represents the Cysteine residue bound by GA. (B) Recombinant wild-type (WT) USP2 and its mutants, C276S and C284S, were
incubated with biotin—GA for 30 min and blotted for biotin and USP2. (C, D) Different concentrations of biotin—GA were incubated with USP2
at various times, followed by Western blot against Biotin—GA labeled USP2. (C) The observed rate constant for binding (kos) of biotin—GA to
USP2 was determined to be 0.023 min~' (D). (E) By plotting ks versus biotin—GA concentration, the inhibition constant (Kj) and the rate of

inactivation (Kjp..) of GA to USP2 were determined to be 2.597 pumol/L and 0.03 min~

covalent binding of GA with the USP2 protein. (G, H) Ub-AMC assay

! respectively. (F) Molecular modeling depicting the

comparing WT USP2 and the USP2R***" mutant, indicating a reduced

inhibitory effect of GA on USP2R%?" (I, J) Ub-AMC assay comparing WT USP2 and the USP27°%** mutant, indicating a reduced inhibitory

effect of GA on USP2%5A Data are mean + SD (n
#EP < 0.001, ¥**¥*P < 0.0001 versus control group.

3), P-values

were analyzed by two-way ANOVA (H, J). *P < 0.05, **P < 0.01,



USP2 is a novel target to induce degradation of KRAS 5243

A B C D
MM.1S MM.1S RPMI 8226 RPMI 8226
N ; \>§< »
N Ay A
¢ P L5] = sp2 & O%Q
kDa &0 & % 5 | =xras kD £ 157 =usp2
7 UsP2 & : ] KRAS
2o ns <«USP2 > ns
=l ] —s
Ve e s 3 ="
s s 2
- p- N 2
408 LE '%0' Dp ERK 0>)0 5 kKK
_Actin 2 . E -
o " £ Il [ [ ]| o[ S apactin 5 ﬁ
& ,\%,V’\?& > q,\% P \ﬂ *k f\?‘ G \*é‘ "\?‘
5%0§W0%? & %Q*\}%? %oo & o%Q 0% o%Q'
& o @
E MM.1S F RPMI 8226 G MM.1S H
+ - — sgCtrl i - — sgCtrl . .
_ n + sgUSP2-1# _ " + sgUSP2-1# sgCtrl sgUSP2-1# i 100 N
KDa_- -+ MGI32 KkDa - - + MGI32 kDa 0 4 6 8 0 4 6 8hCHX =& —y
25 25 & <80
KRAS ~ s—(CKRAS P _|< KRAS o £ \
; <«f-Actin 3 0607 sgCtrl | Py
4 4 4 = 40
MM.1S RPMI 8226 RPMI 8226 4 61
+ _ I 4 = = . Time (h)
sgCtrl sgCtrl seCtrl sgUSP2-1# 1004— 4
-+ + sgUspP22# — 4+ 4+ sgUSP2-2# 9 _ <.
kDa _ _ 4+ MGI32 kDa -  _ + MGI32 kDao 4 6 8 0 4 6 8hCHX o 80 5
25 * :
2 Ba0]eseUsP2: k#
-Actin O_Eq,mcun WS- ——— < Actin 2 |7 —
oE‘ o] opacin 2 %
K Time (h)

P
kDa Input IgG Myc

P
kDa Input IgG Flag

MM.1S
7 1P
kDa Input IgG KRAS

M
2 KRAS N

DAPI AS USP2

1B

RPMI 8226

20 pm

1B

20 m

IB

+ Flag-KRAS
+ HA-Ub )
— Myc-USP2WT

7 *
- — Myc-USP2WT ~ Mye-USP2C76s Input IP:Flag

- - C276S — —
L e o & PRERRAS fﬁgﬁ L Myc-USP2C34S g — 1 "—  USP2a@s9-605)
) - { ==
kDa - - sl Myc-USP2 70w - Mye-USP2. 0 B < Myc-USF2
L B—— ‘.‘ HA-Ub
S [ <Flag KRAS ’

= 50]
707 — e <Myc-USP2 50 5

101 ™ - e < f-Actin 25| e— |20 KRAS 2s—E|<Flag-KRAS

Figure 4  USP2 regulates protein level and ubiquitination of KRAS. (A—D) USP2 was knocked out in MM.1S (A, B) or RPMI 8226 (C, D)
cells by introducing USP2-silencing puromycin-resistant Cas9-sgRNAs. The protein levels of KRAS, p-ERK, and (-actin were detected by
western blotting with the indicated antibodies (A, C). The mRNA levels of USP2 and KRAS were detected by q-RT-PCR analysis (B, D). (E, F)
USP2-knockout MM.1S (E) and RPMI 8226 (F) cells were treated with MG132 (20 pmol/L). The KRAS and §-actin levels were determined by
Western blotting. (G, H) USP2 knockout MM. 1S and RPMI 8226 cells were treated with 50 ng/mL CHX for the indicated time points. The protein
levels of KRAS were evaluated by Western blot (G). The KRAS band intensities were measured using ImageJ and normalized to $-actin protein
levels (H). (I, J) Co-immunoprecipitation (co-IP) analysis of KRAS and USP2. Whole-cell lysates from HEK293T cells stably expressing Myc-
USP2 and Flag-KRAS (1), as well as MM.1S (J) cells were immunoprecipitated and immunoblotted with antibodies against KRAS and USP2,
respectively. (K) Confocal microscopic images of MM.1S and RPMI 8226 cells, show the colocalization of KRAS and USP2 in the cytoplasm.
Scale bars represent 20 um. (L) HEK293T cells stably expressing Flag-KRAS were co-transfected with an increasing dose of Myc-USP2. The
protein levels of KRAS and USP2 were examined by Western blot. (M) HEK293T cells stably expressing Flag-KRAS were co-transfected with
HA-Ub and Myc-USP2, Myc-USP2?7%S and Myc-USP2*%4S. The cellular extracts were immunoprecipitated with anti-Flag antibody followed
by Western blot with indicated antibodies. (N) In vitro deubiquitination assay. HEK293T cell-derived HA-Ub-conjugated KRAS and recombinant
USP2 (0.2 pg) at 37 °C for 2 h. The HA-Ub and Flag-KRAS levels were then determined by Western blot. Data are mean 4+ SD, P-values were
analyzed by two-way ANOVA (n = 3) (B, D, H). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < (0.0001 ns: no significance versus
control group.

+ Flag-KRAS
+ HA-Ub

I+ +

| IR
P+t

4+
I+ o+

+

1P:Fla
-;




5244

Yingying Wang et al.

A B
4 MM.1S a RPMI 8226
. -o-sgCtrl - -o-sgCtrl
& | -e-sgUsp2-1# & | -esgusp2-1#
£ 3| -esgUsP2-2# £ 3] -esgUsP22#
= =
i) =]
=) <2
= =
S - s
2 2
Q1 ook b

0 24 48 7 0 24 48
Time (h) Time (h)

:’ 2 \J sgCtrl

sgUSP2-1#

sgUSP2-2#

D
MM.1S i RPMI 8226
40 =124h
. _
g0 S
2 -g
£2 22
g, 2
< <
1
° ol
o(, W%C\‘ kA Q N qj%c} \‘% 'ﬁ*o‘ N
? S o ) o) e ) ¢V
05 s \ﬁ" \ﬁ" \ﬁ? \)s"\)? & SiCisy b \3
800 2.07
E 600 s _
g 600 esgCtrl 201.5 - o sgCtrl
2 4004 | ° ©sgUSP2-1# z © sgUSP2-1#
3 ©sgUSP2-24 T o] [*| essusp22#
Z 200 5
1=} .**.*. g ok
] 1 & 0.5 S
£ 1000 r-|
.***. kK
0 =l 0 r+

sgUSP2-1#

sgUSP2-2#[y. "0 5

Figure 5

USP2 depletion inhibits the proliferation of MM cells. (A—D) Effects of USP2 knockout on the proliferation (A, B) and apoptosis (C,

D) of MM.1S and RPMI 8226 cells. (E) NOD/SCID mice xenograft tumors formed by MM.1S cell line with or without USP2 knockout. (F)
Volumes of the resected tumors with or without USP2 knockout. (G) Weights of the resected tumors with or without USP2 knockout. (H)
Immunohistochemical staining images of USP2, KRAS, TUNEL, and Ki67 of NOD/SCID mice-resected xenografts with or without USP2
knockout. The scale bar represents 100 um. Data are mean + SD, P-values were analyzed by one-way (n = 3) (F, G) or two-way (n = 5) (C, D)
ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus control group. ns: no significance.

Following the downregulation of KRAS, the levels of a down-
stream effector of KRAS, p-ERK were also significantly reduced
(Fig. 4A and C). Moreover, USP2 knockout-induced KRAS
downregulation could be rescued by the proteasome inhibitor
MG132 in both cell lines (Fig. 4E and F). USP2 knockout also
significantly shortened the half-life of KRAS (Fig. 4G and H).
Taken together, these results suggest that USP2 may enhance the
protein stability of KRAS.

Based on the above results, we hypothesized that USP2 may
interact with and deubiquitinate KRAS. To validate this hypoth-
esis, exogenous KRAS and USP2 were transfected into HEK293T
cells. Immunoprecipitation assay showed that Flag-KRAS inter-
acted with Myc-USP2 (Fig. 41). Endogenous interaction of KRAS
and USP2 was further verified in MM.1S cells (Fig. 4]). The
immunofluorescence staining also showed that USP2 co-localized
with KRAS in the cytoplasm in MM.1S and RPMI 8226 cells
(Fig. 4K). Furthermore, the overexpression of USP2 increased
KRAS levels in a dose-dependent manner (Fig. 4L). To determine

whether USP2 deubiquitinates KRAS, USP2WT, USP2°%%%S and its
active-site mutant, USP2°*7%5, were separately transfected into
HEK?293T cells, which were subsequently lysed and subjected to
the immunoprecipitation assay. As shown in Fig. 4M, USP2% T and
USP2C284S, but not USP2C276S, could remove the ubiquitin from
KRAS. The deubiquitinating activity of USP2 for KRAS was
further confirmed by incubating purified ubiquitinated KRAS with
recombinant USP2 (Fig. 4N), which showed that ubiquitinated
KRAS could be readily deubiquitinated by USP2. Taken together,
these results strongly support that KRAS is a bona fide substrate of
USP2.

3.7.  USP2 knockout inhibits the proliferation of MM cells

Given the critical role of KRAS in the proliferation and survival of
MM cells, we hypothesized that USP2 knockout may destabilize
KRAS and hence lead to MM cell proliferation inhibition. As
shown in Fig. 5A and B, USP2 knockout significantly inhibited
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the proliferation of MM.1S and RPMI 8226 cell lines. USP2
knockout also induced apoptosis in these two MM cell lines
(Fig. 5C and D).

We further investigated the effect of USP2 knockout using
xenograft MM models with MM.1S cells. We found that USP2
knockout significantly suppressed tumor growth, as indicated by
the smaller tumor volumes and weights in the knockout groups
compared with the control group (Fig. 5E—G). The tumor-
suppressing effect of USP2 knockout was further examined by
immunohistochemistry staining of resected xenograft tumor tissue
(Fig. 5H). It can be observed that USP2 knockout resulted in cell
proliferation inhibition and increased cell death, as evidenced by
the decrease of Ki-67-positive and increase of TUNEL-positive
cells, respectively. Notably, the immunohistochemistry staining
also showed decreased levels of KRAS in the USP2-knockout
groups but not in the control group. These data collectively sug-
gest that the USP2 plays a critical role in the proliferation and
survival of MM cells in vitro and in vivo.

3.8.  GA induces the apoptosis of MM cells by targeting USP2
and destabilizing KRAS

GA has been reported to induce the apoptosis of MM cells by
inhibiting the PI3K/Akt/mTOR, NF-«B, and other signaling path-
ways’ %, Consistent with these findings, GA treatment could
reduce the viability and increase the apoptosis of MM. 1S, and RPMI
8226 cells in a dose-dependent manner (Fig. 6A and B, Supporting
Information Fig. S12). To determine whether USP2 is involved in
GA-induced cytotoxic effect in MM cells, we overexpressed USP2
in RPMI 8226 cells. As shown in Fig. 6C and D, the cells over-
expressing USP2 showed partial resistance to GA-induced viability
reduction and KRAS degradation. Moreover, GA treatment could
increase the K48-linked ubiquitination level of KRAS (Supporting
Information Fig. S13). To further determine whether KRAS
degradation contributes to USP2 knockout-induced cell growth in-
hibition, we overexpressed KRASC'?€ in USP2 knockout RPMI
8226 cells. Overexpression of KRAS®'?*C (Fig. 6D) could partially
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abrogate the USP2 knockout-induced cell growth inhibition (Fig. 6E
and F). These data suggest that the cytotoxicity induced by GA in
MM cells s, atleast in part, attributed to its targeting of USP2, which
reduces the stability of KRAS.

3.9.  USP2 may be a valuable therapeutic target in MM

Finally, we explored USP2’s clinical significance in MM. Utiliz-
ing the Gene Expression Omnibus (GSE13591) database, we
observed notably higher USP2 mRNA levels in bone marrow
samples from MM patients, compared with healthy donors
(Fig. 6G). These results were consistent with the analysis of pri-
mary samples collected in this study (Fig. 6H). In addition, we
found that the protein levels of USP2 were higher in primary
myeloma cells and myeloma cell lines than in normal peripheral
blood mononuclear cells (PBMCs) (Fig. 6I) and normal bone
marrow Dbiopsies (Fig. 6J). More importantly, MM patients
exhibiting high USP2 levels experienced reduced overall survival
compared to those with lower USP2 expression (Fig. 6K). These
results collectively indicate a strong association between increased
USP2 expression and poorer outcomes in MM, suggesting that
USP2 may be a promising target for MM treatment.

4. Discussion

In this study, we reveal that USP2 is a novel deubiquitinating
enzyme for KRAS. Specifically, we employed GA as a chemical
probe and demonstrated that GA could covalently bind to and
inhibit USP2 through an allosteric pocket. We further showed that
the inhibition or knockout of USP2 could lead to the degradation
of KRAS in MM cell lines, which in turn suppresses the prolif-
eration of MM cells in vitro and in vivo. Based on these findings,
we propose that USP2 is a novel target for MM therapy.

Two primary strategies to tackle cancers with KRAS mutations
involve either the direct inhibition of KRAS activity or the in-
duction of its degradation. Previous therapeutic strategies
encompassed both KRAS inhibitors and proteolysis-targeting
chimera  (PROTAC) molecules. While small-molecule
KRAS®'C inhibitors show promise, they are less effective
against other KRAS mutations, such as the G12D mutation®’. The
efficacy of small-molecule inhibitors may also be limited due to
acquired drug resistance mechanisms. On the other hand,
PROTACs function by recruiting the KRAS E3 ligase, VHL,
which subsequently ubiquitinates KRAS, promoting its proteaso-
mal degradation'®. Nevertheless, similar to the inhibitors, the
warheads of PROTACS are specifically tailored for the KRASS'*¢
mutation and may also encounter challenges with drug
resistance”*>7%°,

Unlike the aforementioned strategies, inhibiting the deubiqui-
tinating enzymes of KRAS is an approach independent of KRAS
mutation. The previously identified KRAS-associated DUBs
include OTUBI and USP18; however, neither of them directly
deubiquitinates KRAS. Specifically, OTUBI inhibits RAS ubig-
uitination independent of its catalytic activity, whereas USP18
regulates the stability of KRAS by changing its ISG15 modifica-
tion and subcellular localization'”**’, Tn the present study, we
demonstrated that USP2 is a DUB that directly controls KRAS
ubiquitination, as supported by the following evidence: 1) over-
expression of USP2 stabilizes KRAS; 2) USP2 interacts with
KRAS in cells as indicated by the immunoprecipitation and
immunofluorescence assays; 3) USP2 directly removes ubiquitin

from ubiquitylated KRAS, which leads to KRAS stabilization,
whereas USP2 inhibition results in the proteasomal degradation of
KRAS. Hence, inducing the degradation of KRAS by targeting
USP2 may present a promising therapeutic strategy against can-
cers harboring KRAS mutations.

Identifying USP2 as a DUB of KRAS renders USP2 a prom-
ising target in MM treatment. This study highlighted that USP2
inhibition or knockdown could inhibit the proliferation of MM
cells and induce MM cell apoptosis in vitro and in vivo. While
these effects may be partly attributed to the degradation of KRAS,
we cannot rule out other possibilities given the broad regulatory
roles of USP2 in cancer. Notably, USP2 can regulate the stability
of many other oncoproteins, such as MDM2, ¢c-MYC, and Cyclin
D1, which play critical roles in cancer cell survival and prolifer-
ation’?. Moreover, we found that USP2 could also regulate the
stability of NRAS and HRAS (Supporting Information Fig. S14).
Therefore, further investigations are required to fully understand
the roles of USP2 in MM treatment.

Intriguingly, using GA as a chemical probe, we reveal a novel
allosteric pocket for inhibiting USP2. Current inhibitors of USP2,
such as 6-thioguanine and ML364, predominantly target the cat-
alytic domain of USP2°'. Unfortunately, they have poor selectivity
against USP2 because the catalytic domain is conserved among
most USPs™’. In contrast, our results indicate that GA could
inhibit USP2 activity by covalently binding to the Cys284 residue,
instead of the Cys276 residue within the catalytic site, of USP2.
Molecular docking simulations further revealed a potential allo-
steric pocket for GA binding to USP2. The interaction between
USP2 and GA follows a two-step mode for covalent inhibitors.
That is, USP2 first forms an initial encounter complex with GA,
USP2:GA, then irreversibly forms a covalently linked complex
USP2-GA. The mutation of Cys284 does eliminate the covalent
binding of GA to USP2, but it doesn’t affect the binding of GA to
the allosteric pocket. Consistent with this idea, USP2 with Cys284
mutation did not affect the deubiquitinating activity of USP2 and
the thermal stability of USP2<¥**%%5 could also be altered by GA
(Supporting Information Fig. S15). The presence of this pocket
was also validated by the discovery of ICU30, a small molecule
predicted to target USP2 by binding to this pocket. While ICU30
exhibited similar effects to GA, ICU30 had low activities in
inhibiting MM cell proliferation, which may be attributed to its
poor water solubility. Despite this, our findings spotlight a valu-
able allosteric pocket on USP2 that presents potential for thera-
peutic exploitation.

5. Conclusions

Using GA as a chemical probe, we unveil USP2 as a direct DUB
of KRAS in MM cells for the first time. In addition, we reveal an
allosteric molecular pocket of the USP2 protein, which can be
exploited for the design of targeted inhibitors. Our work highlights
the potential of USP2 as a promising therapeutic target in MM and
sheds light on the treatment of cancers with KRAS mutations.
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