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ARTICLE INFO ABSTRACT

Keywords: FDA-approved KRAS®2C inhibitors, like Sotorasib, target G12C-mutated KRAS in NSCLC. However, issues with
Usp47 insensitivity and drug resistance have emerged, requiring the development of new combination therapies to
NSCLC overcome these limitations. USP47 has been identified as a regulator of cancer-related signaling pathways such
;;f;c as Wnt, Hippo, and p53. However, its role in the KRAS signaling pathway remains largely unexplored and USP47
Sotorasib inhibitors are less developed than those targeting its homolog, USP7. Here, we identify USP47 as a novel

therapeutic target in KRAS®1?C.mutated NSCLC and report K-552, a selective USP47 inhibitor, as a potential

treatment strategy. We demonstrate that USP47 stabilizes c-Myc by preventing its proteasomal degradation
through deubiquitination, thereby promoting NSCLC cell proliferation. Additionally, the compound K-552, a
USP47 inhibitor identified through virtual screening, effectively destabilizes c-Myc and inhibits KRAS®2C.
mutated NSCLC cell proliferation. Furthermore, USP47 inhibition—either by siRNA knockdown or K-552
treatment—enhances the efficacy of Sotorasib in vitro and in vivo. Together, our findings establish USP47 as a
promising therapeutic target in KRAS®'?C.mutated NSCLC and introduce K-552 as a USP47 inhibitor with po-
tential for combination therapy with KRAS®'2C inhibitors.

1. Introduction

Despite recent advancements in diagnosis and treatment, lung cancer
continues to be the most common cancer in both men and women, with
high incidence rates and malignancy when compared to other types of
cancer. Non-small cell lung cancer (NSCLC), which accounts for up to
85 % of all lung cancers, comprises two main subtypes: lung squamous
cell carcinoma (LUSC) and lung adenocarcinoma (LUAD) [1]. One of the
prevalent drivers of lung cancer is a particular KRAS gene mutation [2].

* Corresponding author.

Specifically, the KRAS G12 mutation is a common oncogenic alteration
observed in NSCLC, which hyperactivates KRAS-MEK-MAPK signaling
pathways leading to increased transcriptional c-Myc activity [3,4].
Consequently, targeting mutant KRAS proteins has emerged as a pivotal
therapeutic approach for managing various human cancers with a
particular focus on NSCLC. In 2021, the FDA approved Sotorasib, the
first small molecule inhibitor targeting the mutant KRAS®*2C protein,
followed by recently approved Adagrasib [5,6]. Nevertheless, some
patients fail to respond adequately to the treatments, while prolonged
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use of KRAS®12% has been associated with reduced sensitivity and the
development of tolerance to its effects [7-9]. To overcome these issues,
concomitant treatments with other drugs alongside Sotorasib are
considered to improve Sotorasib efficacy [10-13]. These mainly
comprise the inhibitors that target their upstream or downstream pro-
teins, such as SHP2, MEK, or MAPK. Recently, IncRNAs have also been
suggested as regulators of the KRAS signaling pathway [14]. An earlier
study indicated that the abundance of c-Myc is accompanied by
KRAS®'2% insensitivity in clinical practice [7]. It was also confirmed
that c-Myc was the key molecule influencing KRAS®!?“ sensitivity and
resistance in vitro and in vivo models. Therefore, the inhibition of c-Myc
is also suggested as another strategy to enhance the sensitivity of
KRAS®12C [4,15].

c-Myc, a well-known transcription factor, is a central regulator of cell
growth and proliferation [16]. It functions as a proto-oncogene and is
overexpressed in various cancers, leading to the overexpression of
cell-proliferation-related genes and promoting cancer formation.
Notably, c-Myc is also overexpressed in NSCLC tissue compared to the
adjacent normal epithelium [17,18]. The protein level of c-Myc is
regulated through the ubiquitin-proteasome system, where it undergoes
ubiquitination by E3 ligases, such as FBXW7, and is subsequently
degraded by the 26S proteasome [19]. Consequently, targeting the
dysregulated levels of c-Myc has emerged as a promising therapeutic
strategy in cancer treatment [20].

Deubiquitinating enzymes (DUB) play critical roles in regulating
post-translational modifications and are implicated in various physio-
logical processes, such as protein stabilization, subcellular localization,
and protein-protein interactions. Since dysregulation of DUBs has been
linked to the development of various cancers [21], developing inhibitors
that target DUBs for cancer therapies has attracted attention [22].
USP47, one of the DUBs is involved in a variety of biological processes
including cell cycle, neuronal development, viral entry, and inflamma-
tion [23]. USP47 is upregulated in various types of cancers [24-28] and
regulates many cancer-related signaling pathways, including the Wnt
signal, Hippo [29], p53 [30,31], and RAS-MAPK [25,32]. Targeting
USP47 with a small molecule inhibitor has emerged as a novel targeted
therapeutic approach, as USP47 inhibition led to cell death of hemato-
logic malignancies characterized by mutant EZH2 expression [26].
Other study showed that targeting USP47 could overcome TKI resistance
in cancer, suppressing BCR-ABL mutation-induced CML proliferation
[25]. Another study revealed a novel USP47/7 dual inhibitor that re-
duces beta catenin by inactivating USP47 [28,33]. In other words,
USP47 inhibitors have been evaluated in CRC, CML, and DLBCL, while
their therapeutic potential in combination with KRAS®'2% in NSCLC
remains underexplored. Moreover, USP47 inhibitors are still less
developed as an anti-cancer drug compared to other enzymes within the
ubiquitin-proteasome system [22,34]. Together, these functional studies
on USP47 support its potential as a promising target for anti-cancer
therapies, emphasizing the necessity of developing compounds that
target USP47.

In this study, we aimed to identify novel substrates of USP47 and
evaluate compounds targeting USP47 as a potential cancer therapy. Our
results indicated that USP47 facilitates NSCLC cell proliferation by sta-
bilizing the c-Myc protein and blocking proteasomal degradation in
vitro. Furthermore, we identified the K-552 compound as an inhibitor of
USP47 based on the structure of the USP47 catalytic domain, performing
virtual screening, molecular docking study, and in vitro experiments [35,
36]. K-552 effectively suppresses USP47 activity, leading to c-Myc
destabilization and inhibition of NSCLC cell proliferation. Additionally,
we co-treated KRAS®12C mutated NSCLC cells with Sotorasib and K-552
to elucidate the enhanced effects on cancer cells in vitro and in vivo.

In conclusion, our study suggests that USP47 is a promising target for
KRAS®'2¢ mutated NSCLC, with K-552 emerging as a compound for
USP47 inhibition and a potential candidate for anti-cancer therapy.
These findings also indicate that targeting DUBs, including USP47, could
be an effective treatment strategy for KRAS driven cancers.
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2. Materials and method
2.1. Cell culture

HEK293T cells, A549 cells, Calu-1 cells, H358 cells, and HCC1171
cells were all purchased from Korea Cell Line Bank (KCLB). HEK293T
cells were grown as described in our previous study [30]. Other NSCLC
cell lines were maintained at the Roswell Park Memorial Institute 1640
(RPMI 1640) supplemented with 10 % fetal bovine serum, 100 units/mL
penicillin, and 100 pg/mL streptomycin [37]. Cells were cultured at
37°C in an atmosphere containing 5 % COs.

2.2. Plasmids

GFP-tagged c-Myc was purchased from Addgene (catalog number
#4704). The coding sequence of c-Myc was cloned into the pCS2 N-
terminus HA-tagged vector. pFlag-CMV™-2-USP47, pFlag-CMV™™-2-
USP4710% (catalytically inactive mutant), and histidine-tagged ubig-
uitin plasmids were used as in our previous study [30].

2.3. Transfection

For the DNA plasmid transfection in the NSCLC cell lines, either
Effectene (Qiagen) or Lipofectamine 3000 (Invitrogen) was selected and
used according to the manufacturer’s instructions. For the 293 T cell line
transfection, we used the calcium/phosphate/DNA co-precipitation
method as described previously [30]. siRNA was transfected using Lip-
ofectamine3000 (Invitrogen, USA). The USP47 siRNA sequence was 5’
-TGAAAAGGGATGTGCAAAA-3’ (Genolution, Korea). The c-Myc siRNA
sequence was 5’-GAGCUAAAACGGAGCUUUU-3’ [38].

2.4. Western blot

Samples were lysed with a cell lysis buffer containing 20 mM Tris-Cl
(pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 % Triton X-100,
2.5 mM sodium pyrophosphate, 50 mM NaF, 5 mM f-glycerophosphate,
1 mM Na3VOy, and 1X protease inhibitor (cOmplete, EDTA-free; Roche,
Basel, Switzerland). The lysate concentrations were evaluated using BCA
and calculated using a microplate absorption reader. Lysates were
separated with SDS gels and transferred to a nitrocellulose membrane.
Membranes were blocked in 5 % skim milk and treated with the primary
antibodies diluted in 1 % skim milk at 4°C overnight. After incubation
with the second antibody, ECL buffer (Cytivia) was used to develop the
membrane.

2.5. Immunoprecipitation

Harvested samples were lysed with the cell lysis buffer. Next, 30 ul of
anti-Flag M2 Magnetic beads were incubated with cell lysate for 4 h at
4°C and were washed five times with a wash buffer containing 20 mM
Tris-Cl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 % Triton X-
100, 2.5 mM sodium pyrophosphate, 50 mM NaF, and 5 mM p-glycer-
ophosphate. After washing, the samples were eluted with Flag peptide
and then boiled with 6X sample buffer at 95°C for 5 min. For endogenous
immunoprecipitation, rabbit IgG (Cell signaling technology 2729S) or
rabbit anti-USP47 antibodies were added into the protein G beads
(protein G Sepharose 4 fast flow, GE Healthcare) before being incubated
for 1 h. After removing the supernatants, the cell lysate was incubated
overnight with antibody-conjugated protein G beads. The samples were
eluted with 2X SDS Sample buffer, boiling at 95°C for 5 min. Samples
were loaded and separated by SDS-PAGE before being loaded for
Western blot.

2.6. Nickel-pull-down assay

Harvested cells were lysed with urea lysis buffer (pH 8.0, 8 M urea,
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50 mM Tris, 300 mM NaCl, 50 mM NayHPO,4;, 1 mM phenyl-
methylsulfonyl fluoride (PMSF), and 10 mM imidazole), and were son-
icated before centrifugation. The samples were incubated with pre-
washed 70 pg Ni-NTA beads for 4 h in 4°C and then washed five
times. Sample elution comprised 2X SDS sample buffer boiling at 95°C
before being loaded for Western blot.

2.7. Protein stability test

Indicated plasmids or siRNAs were transfected into A549 cells and
treated with cycloheximide at an indicated time. MG132, a proteasomal
inhibitor, was treated for 4 h.

2.8. Quantitative real-time PCR (qRT-PCR)

Total cellular RNA was extracted from A549 cells using Trizol. Using
ReverTra Ace qPCR RT Master Mix, we synthesized cDNAs and analyzed
them with SYBR Green Real-time PCR Master Mix (Toyobo).

The USP47 primers were (F) 5-ATGGAAGAATCCTGGCACTG-3' and
(R) 5-CTGGAAGGGATCCAACTTCA-3’ [30]. The c-Myc primers were
(F) 5-CCACCTCCAGCTTGTACCTG-3° and (R) 5-GAGCAGA-
GAATCCGAGGACG-3’. The f-actin primers were (F) 5-CACTCTTC-
CAGCCTTCCTTCC and (R) 5’-CGGACTCGTCATACTCCTGCTT-3’ [39].
B-actin was used as a control.

2.9. DUB activity assay using the activity-based probe

A549 cells were seeded in 35 mm culture dishes at 300,000 cells per
dish before being incubated at 37°C. DMSO, K-552, and P50429 were
diluted in RPMI-1640 media and incubated for 6 h. After the removal of
media and washing with cold DPBS, cells were lysed in cell lysis buffer
(20 mM Tris-Cl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 %
Triton X-100, 2.5 mM sodium pyrophosphate, 50 mM NaF, 5 mM
fB-glycerophosphate, 1 mM Na3zVOy, 1X protease inhibitor (cOmplete,
EDTA-free; Roche, Basel, Switzerland)). Using a Thermo BCA protein
assay kit (Thermo Fischer, Prod# 23235), protein concentrations were
calculated using a microplate absorbance reader (Bio-Rad, Hercules, CA,
USA). HA-Ubi-PA (UBIQ, UBIQ-078) and 1 mM DTT were added to 60 pg
cell lysate before being incubated at 37°C. After 1 h, 6X sample loading
buffer (72 mM Tris-HCI (pH6.8), 30 % Glycerol, 2.4 % SDS, 17.28 mM
bromophenol blue) was added and the sample was boiled for 5 min at
95°C. Finally, samples were subjected to SDS-PAGE and analyzed by
Western blot with the USP47 antibody (Bethyl, A301-904), USP7 anti-
body (Bethyl, A303-033), with the B-actin antibody (Ab Frontier, LF-
PA0207) used as a control.

2.10. Immunofluorescence microscopy

A549 cells were seeded with coverslips and transfected plasmids.
After 24 h, cells were harvested, washed with TBS, and fixed with 4 %
formaldehyde for 20 min after being washed with Abdil (2 % BSA, 0.1 %
Triton X-100 in sterile filtered TBS). Cells were permeabilized for 10 min
and then blocked for 10 min. After incubating with the first antibody
(Flag M2 antibody, Sigma Aldrich) for 2 h at room temperature, we
washed the samples five times and then we incubated with the second
antibody (mouse IgG coupled with Alexa-568, Invitrogen) for 1 h at
room temperature. Finally, we stained with DAPI for 10 min. The sample
was then washed, drained, and mounted. The samples were analyzed
using a Zeiss LSM880 Airyscan (Carl Zeiss, Inc., Oberkochen, Germany)
at the Ewha Fluorescence Core Imaging Center.

2.11. Colony formation
A549 and Calu-1 were transfected with siRNA targeting USP47 and

c-Myec, either alone or together. 500 cells of A549 or 1000 cells of Calu-1
were seeded in 35 mm dishes after 48 h of transfection. And then
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incubated for nine days. To evaluate the K-552 effect, 500 cells were
seeded in a 6-well plate. After two days of incubation, inhibitor com-
pounds were added to each well at the indicated concentrations for 24 h.
The media changed every two days. After seven days, samples were
harvested. To evaluate the effect of co-treatment of K-552 and Sotorasib,
1000 cells of Calu-1 and 5000 cells of HCC1171 were seeded in 35 mm
dishes. After two days of incubation, the inhibitor compounds were
treated well at the indicated concentrations for 48 h. The media was
changed every two days for 14 days. The harvested samples were fixed
with 4 % formaldehyde and cold methanol and then stained with crystal
violet.

2.12. Cell proliferation assay (WST-1 assay)

To investigate the effectiveness of K-552, A549 cells were seeded per
96-well, with an inhibitor concentration ranging from 12.5 to 100 pM K-
552. To evaluate the synergetic effects of K-552 and Sotorasib, H358,
Calu-1 and HCC1171 cells were seeded at 8000(H358), 8000(Calu-1) or
10000(HCC1171) cells per 96-well. After 24 h incubation, inhibitor
compounds were incubated at the indicated concentrations for 72 h. EZ-
Cytox (DoGEN, EZ-3000) was diluted with media and incubated for
30 min. The absorbance was measured at a wavelength of 450 nm using
a microplate absorbance reader (Bio-Rad) (equipped at Ewha Drug
Development Research Core Center).

2.13. Apoptosis assay

Calu-1 cell apoptosis was measured using a FITC Annexin V
Apoptosis Detection Kit I (BD Pharminge, 556547). Cells were seeded
into 60 mm dishes. After 24 h, inhibitor compounds were treated at the
indicated concentrations for a further 72 h. Following three gentle
washes with cold PBS, cells were collected and centrifuged at 1500 rpm
for 2 min at 4°C. Cells were then re-suspended in 1X Annexin V Binding
Buffer before the staining solution was. After 30 min incubation, the
percentage of apoptotic cells was determined using flow cytometry
(FACS Calibur, BD).

2.14. Protein expression and purification

The catalytic domain of C. elegans USP47 (Swiss Prot entry:
Q22240:1-508 a.a) and human USP7 (Swiss Prot entry: Q93009:
208-560 a.a) were cloned into a pET28a vector, generating an N-ter-
minal His tag. The cUSP47CD and hUSP7CD were expressed in Escher-
ichia coli BL21(DE3) and purified with an Ni-affinity column. The N-
terminal His tag was cleaved by thrombin (Merck) and further purified
with a Superdex 200 (GE Healthcare) size exclusion chromatography.
The two proteins were purified by checking the purity at each stage on
15 % SDS-PAGE. The purified cUSP47CD and hUSP7CDconstructs were
concentrated to 20 mg/mL and 25 mg/mL using a VIVASPIN20 (Sarto-
rius) concentrator and stored at —80°C until use, respectively.

2.15. Engymatic and inhibition assay

USP enzymatic activity and the inhibition assays were measured at
room temperature using the cleavage-sensitive fluorogenic substrate Ub-
AMC (Boston Biochem, U-550). In the inhibition assays, USP47 (50 nM
enzyme) or USP7 (100 nM enzyme) were incubated with varying con-
centrations (0-100 pM) of K-552 inhibitor in the assay buffer (20 mM
HEPES (pH 7.4), 100 mM NaCl, and 5 mM DTT), with 2 % DMSO and
UB-AMC (final 35 mM) for 10 min at 25 °C. The AMC fluorescence
emission was monitored at 460 nm (excitation at 380 nm) for 30—-60 min
using a SpectraMax M3 plate reader (Molecular Devices).

2.16. Isothermal titration calorimetry (ITC)

ITC experiments were conducted using the ITC200 instrument
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(MicroCal Inc.) and the data were analyzed using the program ORIGIN
7.0. Prior to titration, the protein samples were centrifuged at 18,188 g
at 4 °C for 5 min to remove debris. Experiments were carried out by
titrating 500 uM K-552 into cells containing 20 pM of prepared
cUSP47¢p and hUSP7¢p protein in an identical buffer with the injectant.
The cUSP47¢p and hUSP7¢p were prepared by dialyzing them in buffer
with 20 mM HEPES (pH 7.4), and 150 mM NaCl at 25 °C. The injections
were 1.5 pl each, with an injection interval of 150 s. The stoichiometry
(n), association constant (Kp), and the change in enthalpy (AH), were
determined using a nonlinear least-squares curve-fitting algorithm.

2.17. Virtual screening

For virtual screening and molecular docking study, we used the
Autodock Vina 4 and Discovery Studio 2020 (Dassault Systemes). The
crystal structures of USP7 (PDB: 5GNE; [40]) and USP47 (PDB: 8ITN and
8ITP; [36]) from the Protein Data Bank (http://rcsb.org/pdb) were
prepared using the standard procedure of the Prepare Protein module
(CHARMm force field). The binding site of USP7 was defined as an 11 A
radius around the ligand, FT671, while the area overlapping, after
superimposing on USP7, was used for USP47. Protonated dockable
in-house library molecules and reference ligands were prepared ac-
cording to rule-based or experimental testing at pH 7.4 and were
minimized based on the CHARMm force field. Subsequently, the pre-
pared ligands were docked into the binding site, and molecular docking
poses of ligands were obtained using the module CDOCKER Energy.

2.18. Xenograft

All animal procedures were approved by the Institutional Animal
Care and Use Committee (IACUC) of Korea Institute of Science and
Technology (KIST-IACUC-2022-099-4), and were conducted in accor-
dance with the WMA Statement on Animal Use in Biomedical Research
and the EU recommendations (Directive 2010/63/EU), as well as na-
tional guidelines for the care and use of laboratory animals. In this study,
4-week-old Balb/c nude male mice (Orient Bio, Korea) were used. The
animals were adapted under controlled conditions of constant temper-
ature (22 + 2 °C) and humidity (55 + 5 %). The room lighting was set to
automatically turn on and turn off every 12 h (8:00 and 20:00) to keep it
constant. To generate an H358 tumor-bearing xenograft model, H358
cells prepared at a concentration of 5 x 10% and mixed with Matrigel
(Cat.354230; Corning, NY, USA) were implanted subcutaneously in the
right flanks of Balb/c male nude mice. When the tumor size reached
150-200 mm?, we separated the mice into individual groups: Vehicle,
Sotorasib, K552, and Sotorasib + K552 (combination). Sotorasib was
dissolved in a solution of 2 % DMSO, 30 % PEG 400, and 0.9 % saline
and administered orally at a dose of 3 mg/kg once per day. K552 was
dissolved in the same solution as Sotorasib and was administered
intraperitoneally at a dose of 10 mg/kg once per day. Tumor volume and
body weight were measured daily before drug administration. Tumor
volume was calculated by the following formula: Tumor volume (mm3)
= [width (mm) x width (mm) x length (mm) / 2. If a tumor exceeds 10 %
of the normal body weight, the xenograft experiment was terminated to
meet humane endpoint guidelines.

2.19. Histological evaluation

Tumor tissues were harvested and fixed in 4 % paraformaldehyde
overnight. After that, the tissues were stored in 30 % sucrose. The tissues
were sectioned using a cryostat (CM1850; Leica, Wetzlar, Germany) to a
thickness of 20 pm. The tissue was washed three times in distilled water
(DW) for 5 min and washed in 1X TBS with 24.7 mM Tris, 0.14 M sodium
chloride, 2.7 mM potassium chloride containing 0.025 % Triton X-100
for 10 min. Then, the tissue was rinsed three times in 1X TBS for 10 min.
After that, the tissue was incubated in blocking buffer containing 1X TBS
and 10 % donkey serum for 1 h at room temperature. The tissue was
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immersed in an antibody solution in blocking buffer and kept overnight
at 4 °C. The primary antibodies used in this study were as follows: mouse
anti-cMyc (diluted 1:200; Santa cruz, Texas, USA), mouse anti-p53
(diluted 1:200; Santa cruz, Texas, USA), rabbit anti-USP47 (diluted
1:100; Abcam, Cambridge, UK), rabbit anti-ki67 (diluted 1:200; Abcam,
Cambridge, UK), rabbit anti-cleaved caspase-3 (diluted 1:200; Cell
signaling, Massachusetts, USA). Next, the tissue was washed three times
in 1X TBS for 10 min and immersed with the secondary antibody in
blocking buffer for 2 hr at room temperature. Secondary antibodies used
were 488 donkey anti-rabbit, 594 donkey anti-rabbit, and 594 donkey
anti-mouse (diluted 1:250; Invitrogen, Carlsbad, CA, USA). Fluorescence
signals were detected using a Cytation 5 (Agilent, CA, USA). Morpho-
logical changes were assessed using an H&E staining kit (H3502; Vector,
CA, USA). The quantification of the mean intensity was performed using
the ImageJ software (National Institutes of Health, Bethesda, MD, USA).
The mean gray value was measured according to the experiment to be
analyzed. To analyze the number of cells, the blind observer excluding
the experimenter directly counted the number of cells through the blind
test.

2.20. Statistical information

All in vitro and in vivo data were expressed as the mean + SD or SEM
as indicated. For in vitro study, the number of replicates was chosen to
ensure statistical significance while minimizing experimental vari-
ability. For in vivo study, sample size was determined based on ’resource
equation’ [41]. After the experiments, power analysis was conducted
using G*POWER to assess the appropriateness of the sample size [42].
Statistical comparisons between two samples were performed using a
two-tailed unpaired Student’s t-test. For analysis involving more than
three sample, statistical significance was determined using one-way
ANOVA followed by Tukey-Kramer’s post-hoc test. A p-values below
0.05 were considered statistically significant; (ns, not significant; *
p-value <0.05; ** p value < 0.01; *** p-value<0.001; **** p -value <
0.001). All statistical analyses were performed using GraphPad Prism
(version 9).

3. Results
3.1. USP47 interacts with c-Myc

While high expression levels of USP47 in lung cancer have been re-
ported [27], we try to investigate novel regulatory mechanisms of
USP47 to gain a deeper understanding of its role in lung cancer pro-
gression. First, we searched UbiBrowser (a database for proteomics on
ubiquitin ligase/deubiquitinase substrate prediction) [43] and the syn-
thetic lethal interaction database (Slorth) to find new substrates of
USP47, which may provide insights into its regulatory pathways and
functions in cancer cells [44]. In these databases, we noted that USP47
might interact with c-Myc and could be associated with KRAS
(Figure S1). To examine whether USP47 interacts with c-Myc, we per-
formed immunoprecipitation following the overexpression of
Flag-USP47 in HEK293T cells. Our results showed that overexpressed
Flag-USP47 binds to both the endogenous and the exogenous c-Myc
(Fig. 1A- B). Furthermore, the catalytically inactive mutant Fla-
g-USP47%19% also showed interactions with ¢-Myc (Fig. 1C). Endoge-
nous USP47 also exhibited binding with c-Myc (Fig. 1D). To determine
the subcellular localization of USP47 and c-Myc, we employed confocal
microscopy. Interestingly, while GFP-c-Myc was predominantly local-
ized in the nucleolus, we observed co-localization between GFP-c-Myc
and Flag-USP47 in both the cytoplasm and the nucleus (Fig. 1E).

To confirm whether c-Myc is deubiquitinated by USP47, we per-
formed a Ni-NTA pull-down assay, which showed a decrease in c-Myc
ubiquitination in the presence of USP47 but not USP47%1%%, despite
both binding to c-Myc (Fig. 1F). Then, we conducted a detailed inves-
tigation to gain further insights into the interactions between USP47 and
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Fig. 1. USP47 interacts with c-Myc protein. A HEK293T cells were transfected with Flag-USP47 and the interactions between Flag-USP47 and endogenous c-Myc
were detected by immunoblotting after immunoprecipitation with an anti-Flag antibody. B, C HEK293T cells were transfected with GFP-c-Myc and either Flag-USP47
or USP47€19% The interactions between Flag-USP47 and GFP-c-Myc were detected by immunoblotting after immunoprecipitation with an anti-Flag antibody. D The
interactions between endogenous USP47 and c-Myc were detected by immunoblotting after immunoprecipitation with an anti-USP47 antibody. E A549 cells were
transfected with GFP-c-Myc or Flag-USP47. After incubation with an anti-Flag antibody, samples were immunostained with Alexa Fluor 546 anti-mouse IgG. Co-
localization was analyzed by confocal microscopy. Sacle bar = 20 pm. F HEK293T cells were transfected with histidine-tagged ubiquitin, GFP-c-Myc, Flag-
USP47, or Flag-USP47°1%% for 24 h and treated with 20 pM MG132 for 4 h. Ubiquitinated c-Myc was purified using NI-NTA agarose beads under denaturing
conditions and detected with an anti-GFP antibody. G USP47 truncations were used in experiments. H c-Myc truncations used in experiments. I 293 T cells were co-
transfected with Flag-USP47 truncations and GFP-c-Myc, followed by immunoprecipitation. J HA-c-Myc truncations and Flag-USP47 were both transfected into
%93 T cells for 24 h. Samples were immunoprecipitated using HA agarose beads. All the similar results were observed in three biological experiments.

c-Myec, Specifically, we employed immunoprecipitation to identify the
crucial domains of USP47 that facilitate binding with c-Myc, using
truncations of Flag-USP47 (Fig. 1G-H) and GFP-c-Myc. Our findings
revealed that the UCH domain, which encompasses enzymatic activity,
and the UBL1-2 domain, displayed stronger binding to c-Myc compared
to the full length USP47. Interestingly, the construction comprising the
UBL1-3 and UBL1-4 domains exhibited minimal binding to GFP-c-Myc,
despite UBL3 and UBL4 domains revealing binding with c-Myc (Fig. 1I).
To identify the interaction domains of c-Myc with USP47, we overex-
pressed HA-tagged c-Myc truncations with Flag-USP47 and performed
immunoprecipitation using HA agarose beads. Our results showed that
USP47 binds to c-Myc through the C-terminal domain of c-Myc (Fig. 1J).

3.2. USP47 stabilizes c-Myc by blocking proteasomal degradation

To explore USP47 and c-Myc protein levels in NSCLC cell lines, we
performed Western blot analysis on several types of NSCLC cell lines.
Our analysis showed that, compared to the wild-type KRAS cell line
(H1650), KRAS-mutated NSCLC cell lines—except for H460 (KRAS
Q61H)—tended to exhibit higher USP47 protein levels. Furthermore, we
observed that KRAS G12-mutated NSCLC cell lines displayed higher
levels of both USP47 and c-Myc compared to the wild-type KRAS NSCLC
cell line H1650 (Fig. 2A, Figure S2A). Next, we hypothesized that USP47
stabilizes c-Myc protein by preventing its proteasomal degradation in
NSCLC cell lines, and we also examined the effect of USP47 on c-Myc
protein levels. Among three types of NSCLC cell line (H1650, A549,
Calu-1), depletion of USP47 by siRNA levels led to a decrease in c-Myc
protein levels, which could be restored by treatment with the protea-
some inhibitor MG132 (Fig. 2B, C, Figure S2B). We concluded that
depletion of USP47 led to destabilization of c-Myc protein, which
appeared to occur regardless of KRAS mutation status. To further
investigate the effect of USP47 on c-Myc protein stability, we treated
A549 cells with cycloheximide and conducted a time-course analysis.
Depletion of USP47 accelerated the degradation of c-Myc protein
compared with the control cells (Fig. 2D). Additionally, we examined
the impact of USP47 on c-Myc mRNA levels and found no significant
alterations induced by deletion of USP47 (Fig. 2E). Conversely, in both
A549 and Calu-1 cells, we observed a dose-dependent increase in c-Myc
levels upon USP47 overexpression (Fig. 2F, G). But it had no significant
alterations on c-Myc mRNA levels induced by overexpressed USP47
(Fig. 2H)

3.3. USP47 inhibition suppresses the proliferation of lung cancer cells by
reducing the levels of c-Myc

In our previous study, we found that the depleting USP47 in cancer
cells reduced cancer cell viability [30]. This led us to investigate
whether the reduction of USP47 affects the phenotype of NSCLC cell
proliferation by regulating c-Myc protein levels. To test our hypothesis,
we performed a colony formation assay to evaluate changes in cell
proliferation among the samples. Consistent with our previous findings,
the colony formation assay results showed a decrease in the variety of
cancer cell colonies following the knockdown of USP47. However, this
decrease was reversed by the overexpression of c-Myc in both A549 and
Calu-1 cells (Fig. 3A, B). Additionally, we observed that knockdown of

either USP47 or c-Myc reduced cell proliferation. Simultaneous knock-
down of both USP47 and c-Myc resulted in a similar reduction in pro-
liferation compared to the single knockdowns. Statistical analysis
further revealed that the differences among the knockdown groups were
not statistically significant (Fig. 3C-D). These results suggest that USP47
inhibits the proliferation of lung cancer cells by regulating c-Myc protein
levels.

We also conducted a bioinformatic analysis to investigate the rela-
tionship between USP47 levels and survival rates in lung cancer pa-
tients. In the GEO dataset (accession number GSE26939), we observed
that the NSCLC patients exhibiting high expressions of USP47 showed
significantly lower overall survival rates (Fig. 3E, Figure S3A). Addi-
tionally, our analysis of the TCGA-LUAD dataset was consistent with the
results of the GEO analysis (Fig. 3F, Figure S3B). Collectively, these
findings suggest that targeting USP47 could be a potential therapeutic
approach for treating NSCLC, as it reduces survival rates in patients.

3.4. Compound screening shows that K-552 selectively inhibits USP47 in
cancer cells

Since the 2000s, the ubiquitin-proteasome system has emerged as a
promising target for cancer treatment [34]. The compounds modulating
the activities of E3 ligases and DUBs have begun clinical trials [22].
Considering the potential therapeutic mechanism associated with the
inhibition of USP47, considerable efforts have been expended on
developing USP47 inhibitors in recent years [45,46]. To identify novel
USP47 inhibitor compounds, we conducted a compound screening using
our compound library using the crystal structures of USP47 (PDB: 8ITN
and 8ITF [36]) as well as the USP7 complexed with FT671 (PDB: 5NGE;
[40]. Compound selection was based on in silico virtual screening using
Autodock Vina and the CDOCKER module in the Discovery Studio
software package (Accelrys, Inc.). Initially, we docked over 1000
in-house compounds to the catalytic binding site of USP47 using Auto-
dock Vina, which showed that K-389 had the best binding affinity.
Subsequently, we conducted a docking analysis of 40 in-house com-
pounds structurally similar to K-389 utilizing the CDOCKER module.
From these analyses, we selected the five compounds with the most
favorable CDOCKER Energy scores for inhibiting USP47 activity (K-389,
K-565, K-550, K-552, and K-407). We then evaluated their inhibitory
potential by employing the activity-based probe HA-Ub-PA and visual-
ized the activity against USP47 and USP7 through immunoblotting.
Among the five compounds evaluated, K-552, 9-(3-(4-(2-methox-
yphenyl)piperazine-1-yl)propyl)-9H-carbazole, displayed a decrease in
the probe-labeled band intensity, which was shown at upper band
(HA-Ubi-USP47), for USP47 (Fig. 4A, Figure S4A). Interestingly, the
docking pose of K-552 in the catalytic site of USP47 differed significantly
from that of USP7, possibly due to the distinct 3D alignments of the two
proteins (Figure S4B-C). Subsequently, we evaluated K-552 using
Ub-AMC and Ub-PA assays with the catalytic domain of recombinant
proteins. The results showed that K-552 inhibited both cUSP47¢p and
hUSP7p, albeit to a greater degree for cUSP47¢p than hUSP7¢p, (Fig. 4B,
Figure S4D-E). Further evaluation using the HA-Ub-PA probe demon-
strated a dose-dependent inhibition of USP47 with K-552 treatment. In
Fig. 4C, the results demonstrated a decrease in the upper band, corre-
sponding to the probe-bound USP47 band, with an increasing
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different concentrations of Flag-USP47. Western blot analysis was performed to detect GFP-c-Myc protein levels. H Flag-USP47 or USP4

7Cl 09s

was transfected to

extract mRNA using Trizol, and the mRNA levels of USP47 and c-Myc were analyzed by qRT-PCR. All western blots results were obtained independently three times
biological experiment. QRT-PCR was independently conducted three times.

concentration of K-552. In contrast, no significant changes were
observed for HA-Ub-USP7, indicating that USP7 activity remains unaf-
fected by K-552 treatment compared to the DMSO treated sample as a
control. Next, we measured the K-552 (500 pM) binding affinity of

cUSP47¢p (20 pM) and hUSP7¢p (20 pM) using ITC, respectively. The
ITC results showed the binding affinities for K-552 on the cUSP47p are
about 4-fold lower than that of hUSP7¢p, with Kp values of 12.3

+ 1.6 pM and 47.3 + 6.2 pM, respectively (Fig. 4D). Collectively, these
results suggest that the K-552 compound shows more specific in-
teractions with cUSP47¢p than hUSP7cp.
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Fig. 4. K-552 inhibits USP47 in a dose-dependent manner. A Chemical structure of K-552. B K-552 inhibited the Ub-AMC hydrolysis activity of the cUSP47 catalytic
domain: K-552 exhibited detectable inhibition in a dose-dependent manner (0.01 pM to 100 pM). C A549 cells were treated with the indicated concentrations of K-
552 for 6 h. Cell lysates were incubated with an activity-based probe, HA-Ubi-HA, and then immunoblotted with the indicated antibodies. f-actin was used as a
loading control. D ITC binding curve of K-552 to the catalytic domain. The lower panel shows the integrated heat data against the molar ratio of K-522 to cUSP47CD
and hUSP7CD. The closed squares are fitted to a one-site model, and the solid lines represent the best-fit results. E A549 cells were treated with K-552 at the indicated
concentrations. Cell viability was measured using WST-1 assay every 24 h for three days. Each assay was performed in triplicate in at least three independent ex-
periments. F A549 cells were seeded into a 6-well plate and incubated with K-552 at the indicated concentration. After 24 h, the fresh media was replaced every two
days for a week. G To elucidate the mechanism of K-552, A549 cells were treated with K-552 for 24 h, and then the samples were analyzed by Western blot using the
indicated antibodies. p-actin was used as a loading control. H A549 cells were transfected with HA-tagged ubiquitin for 24 h and treated with 25 pM K-552 for 24 h
and 20 pM MG132 for 4 h. Ubiquitinated c-Myc was purified using HA agarose beads under denaturing conditions and detected with an anti-c-Myc antibody. I, J
After KRAS G12-mutated NSCLC cells (A549, H358, Calu-1, HCC1171) were treated with K —552 for 72 h, Cell viability was measured using WST-1 assay. And then

IC50 was calculated using Prism 9.0.

3.5. K-552 inhibits lung cancer cell proliferation in a dose-dependent
manner

We next investigated the effect of K-552 on the viability of A549 lung
cancer cells. Using the WST-1 cell proliferation assay, we evaluated cell
viability 1, 2, and 3 days after treatment with varying concentrations of
K-552. The results revealed that K-552 treatment reduced cell growth
compared with the control group. We observed that 12.5 pM K-552 did
not significantly affect cell viability, whereas 25 pM K-552 substantially
inhibited cell growth after 48 h of treatment. Moreover, treatment with
50 pM and 100 pM of K-552 resulted in a more pronounced effect on cell
viability (Fig. 4E). To further confirm the inhibitory effect of K-552 on
cell proliferation, we conducted a colony formation assay and WST-1
cell viability test. The results of the colony formation assay showed
that treatment with K-552 led to a significant decrease in the number of
colonies compared with the control group (Fig. 4F). We also observed a
more pronounced reduction in colony formation when higher concen-
trations of K-552 were treated, suggesting that K-552 inhibits lung
cancer cell growth in a dose-dependent manner. Based on our findings,
we hypothesized that K-552, through its inhibition of USP47, would also
induce c-Myc destabilization by inhibiting deubiquitination of c-Myc
protein. As shown in Fig. 4G, treatment of K-552 dose-dependently
reduced protein levels of c-Myc. Also, treatment of K-552 increased
ubiquitinated c-Myc protein level (Fig. 4H, Figure S5A). Furthermore,
each cell viability was decreased in four types of NSCLC cell lines,
characterized by KRASC125 (A549) and KRASC12C (H358, Calu-1, and
HCC1171). We then calculated the ICsy values of these results. Inter-
estingly, it was observed that H358, Calu-1, and HCC1171 showed
higher ICsg values compared with the A549 cell line. According to the K-
552 ICsq value, we found that Calu-1 and HCC1171 cells display lower
sensitivity compared to A549 and H358 (Fig. 41, J). In conclusion, our
findings suggest that K-552 suppresses the proliferation of lung cancer
cells by inhibiting USP47 activity, which subsequently prevents c-Myc
deubiquitination.

3.6. USP47 positively associates with the KRAS signaling pathway

The oncoprotein KRAS is frequently overexpressed and mutated in
lung cancer cases, with KRAS mutations accounting for approximately
25 % of NSCLC cases [47]. Previous reports indicate that USP47 is
upregulated in lung cancer tissue [48]. Notably, both USP47 and c-Myc
exhibit crosstalk with KRAS at various levels. In Drosophila, it has been
demonstrated that USP47 plays a role in stabilizing MAPK, which serves
as a downstream signal of KRAS [32]. In addition, USP47 is regulated by
BCR-ABL through the RAS/ERK signaling pathway, with Pan-KRAS in-
hibitor and ERK inhibitor reducing USP47 protein levels in the CML cell
line [25]. c-Myc stability is also regulated by the KRAS signaling
pathway [3,4]. Additionally, we noted the possibility of a synthetic le-
thal interaction between KRAS and USP47 after consulting the prote-
omics database (Figure S1A), which prompted us to investigate whether
there was a correlation between KRAS and USP47 in lung cancer.
Analyzing datasets from TCGA-LUAD and the GEO database indicated
that the group with high KRAS mRNA expression exhibited higher levels

10

of USP47 mRNA compared with the low KRAS group. Furthermore,
there was a significant positive correlation between USP47 and KRAS
mRNA expression level (p < 0.0001) (Figure S6A-D). Consistent with
these results, gene set enrichment analysis (GSEA) showed that USP47
exhibits a positive correlation with the KRAS signaling pathway upre-
gulated in NSCLC (Figure S6E). As mentioned above, the USP47 protein
is enriched in oncogenic KRAS-mutated lung cancer cell lines (Fig. 2A,
Figure S2A). We, therefore, propose that targeting both oncogenic KRAS
G12C mutation and USP47 may represent an effective therapeutic
strategy for the treatment of NSCLC patients.

3.7. USP47 inhibition enhances the anti-proliferative effect of Sotorasib in
KRAS-mutated lung cancer cells

Based on the correlation we observed between KRAS, USP47
(Figure S6), and c-Myc, we assumed that USP47 could be a target
molecule for oncogenic KRAS-mutated NSCLCs. We then focused on
targeting USP47 with KRAS®'2% Sotorasib, the first drug to target KRAS-
mutated NSCLC. First, based on the earlier studies, we selected three
types of G12C-mutated NSCLC cell lines, namely H358, Calu-1, and
HCC1171. Research has shown that H358 is sensitive to Sotorasib, with
an ICsp of less than 0.1 pM. Although ICsq values of Calu-1 and HCC1171
were not obtainable from previous studies experiments [49,50], Calu-1
and HCC1171 exhibit intermediate sensitivity to Sotorasib, showing
dose-dependent response to the drug but not achieving sufficient effi-
cacy to the drug. Thus, H358 was chosen as a sensitive cell line to
Sotorasib, and Calu-1 and HCC1171 were selected as moderate cell lines
to Sotorasib. Correspondingly, we observed that H358 is sensitively
responsive to Sotorasib, while Calu-1 and HCC1171 are less sensitive
than H358 (Figure S7A-C).

Next, we investigated the incremental effect of KRAS®2%! Sotorasib
with USP47 knockdown to examine whether USP47 is a potential
molecule for enhancing the sensitivity of KRAS®'2% when USP47
decreased with and thereby finding additional effects on cell viability.
The cell viability results showed that treatment with both USP47 siRNA
and Sotorasib leads to more enhanced suppression compared with either
USP47 knockdown or Sotorasib treatment alone in KRAS G12C mutated
NSCLC cell lines (Fig. 5A-C). Also, we investigated the mechanism un-
derlying these effects by examining the protein expression levels in cells
treated with USP47 siRNA and Sotorasib. Depletion of USP47 using
siRNA resulted in a decrease in c-Myc levels. Furthermore, when cells
depleted of USP47 were treated with Sotorasib, c-Myc expression levels
were reduced when compared to individual treatments (Fig. 5A-C).

Then, we hypothesized that inhibiting USP47 in combination with
Sotorasib could serve as a promising strategy to enhance sensitivity in
KRAS G12C mutated NSCLC therapy. To test our hypothesis, we exam-
ined the effects of inhibiting both USP47 and KRAS G12C on cell
viability, particularly in cell lines with KRAS mutations, using the
Sotorasib and K-552. The concentration ranges were selected based on
the different drug responsiveness of each cell line. As shown in Fig. 4L, J,
higher concentrations of K-552 were applied to Calu-1 and HCC1171 (up
to 37.5 pM or 35 pM, respectively) compared to H358 (up to 25 pM).
The treatment range of Sotorasib was determined based on previous
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Fig. 5. Co-treatment of Sotorasib and K-552 in KRAS G12C mutated NSCLC cell line. A-C KRAS G12C-mutated NSCLC cells (H358, Calu-1, HCC1171) were treated
with 0.1 pM Sotorasib and siUSP47 for 72 h. Cell viability is presented with the value of absorbance (mean + SD). Immunoblot analysis of proteins from H358, Calu-
1 and HCC1171 cells treated with Sotorasib and USP47 siRNA. D-F Bliss Synergy Score (BSS) was calculated using SynergyFinder 3.0 with the results of Sotorasib and
K-552 as indicated concentration (Fig. S5 A-C G-H) G, H Colony formation assay was conducted on KRAS G12C-mutated NSCLC cells (Calu-1, HCC1171) grown under
Sotorasib (0.1 pM) and K-552 (25 pM). The number of colonies is shown relative to untreated controls (mean + SD). Each assay was performed in triplicate in at least
three independent experiments for each cell line. Statistical significance for the relative colony number was assessed using an ANOVA, with *p < 0.05, **p < 0.01,
**p < 0.001, and ****p < 0.0001 denoting the significance levels. Immunoblot analysis of several proteins was performed on Calu-1 and HCC1171 cells and inhibitor
compounds were treated as the same as the colony formation. I Annexin V-FITC/PI staining was conducted on KRAS G12C mutated NSCLC cells treated on Sotorasib
and K-552 of same concentrations as the colony formation for 72 h. The percentage of apoptotic cells was determined using flow cytometry. J 20 pM MG132 is
treated with concomitant therapy both 0.1 pM Sotorasib and 25 pM K-552 for 8 h in Calu-1 cell which is mutated in KRAS G12C and then immunoblotted with the
indicated antibodies. K To check for changes in EMT marker protein following treatment with 0.1 pM Sotorasib and 25 pM K-552 alone or together for 8 h,
i‘mmunoblot analysis was performed with the indicated antibodies. All western blots results were obtained independently three times biological experiment.

studies [49,50]. For H358, the Sotorasib concentration range was set to 3.8. The combination of Sotorasib and K552 is effective in the KRAS-

0-0.1 pM, which is below its ICso. Sotorasib was treated on Calu-1 and mutant NSCLC in vivo model
HCC-1171 at the indicated ranges [49,50]. Our results showed a sig-
nificant reduction in cell viability in KRAS G12C-mutated NSCLC cell To evaluate the effects of Sotorasib, K-552, and their combination on
lines following treatment with each compound. Furthermore, we tumor growth delay in vivo, we generated a xenograft model using H358
observed an additional reduction in cell viability with combination cells chosen for their sensitivity to Sotorasib (Fig. 5). Following the
treatment compared to treatment with either Sotorasib or K-552 inoculation of H358 cells into the mice, we randomly divided them into
(Figure S7A-C) and determined its synergistic effect, calculated by the four groups and administered the drugs when the tumor volume reached
Bliss Synergy Score (BSS) [51]. Since Sotorasib exhibits a more pro- 150-200 mm®. Subsequently, we monitored tumor growth and body
nounced effect in the H358 cell line, K-552 cotreatment has a compar- weight for a period of 25 days. Results indicate that both Sotorasib and
atively weaker synergistic effect than it does in the other K552, individually and in combination, delayed tumor growth, with a
Sotorasib-moderate cell lines, Calu-1 and HCC1171 (Fig. 5D-F). To decreased growth rate observed in all treatment groups compared to the
explore effects of the combination therapy, we conducted a colony for- vehicle group. Moreover, the combination treatment exhibited statisti-
mation assay on the two types of NSCLC treated with either Sotorasib or cally significant additional effects on tumor growth inhibition compared
K-552 individually or in combination. We observed a reduction in col- to the treatment of each drug (Fig. 6A-B). During the experiment, when
ony formation when either Sotorasib or K-552 was used. Notably, the measuring the body weight of the mice, the vehicle group tended to gain
combination treatment of Sotorasib and K-552 resulted in a significant more weight compared to each drug treatment group. This is thought to
decrease in colony formation. These results provide evidence for the be due to the increased tumor tissue weight in the vehicle group
additional effect achieved by combining Sotorasib and K-552 in inhib- (Fig. 6C). We obtained all the tumor tissues on day 25 after the drug
iting colony formation. (Figure S7D, E, Fig. 5G-H). administration and observed that tumor size decreased in all treatment
To investigate whether the decrease in cell viability and colony groups compared to the vehicle group (Fig. 6D). To sum up, we
formation observed with the co-treatment of Sotorasib and K-552 is discovered that both K-552 (USP47 inhibitor) and Sotorasib have
attributable to apoptosis, we conducted an analysis of cell apoptosis collaborative effects of tumor suppression in vivo.
using flow cytometry with Annexin V-FITC/PI staining. The results Next, we evaluated the effects of Sotorasib and K552 on cell prolif-
showed a significant increase in early and late apoptosis when the cells eration and apoptosis in the tumor tissues using immunofluorescence
were treated with Sotorasib and K-552 either individually or in combi- staining with Ki67 for proliferation and cleaved caspase-3 for apoptosis
nation. Moreover, the combination treatment of Sotorasib and K-552 and tumor suppression. As in Fig. 6E, we determined that the combi-
resulted in a more pronounced increase in apoptosis compared with the nation treatment of Sotorasib and K552 decreased the number of ki67-
individual treatments (Fig. 5I, Figure S7G). positive cells, and several caspase-3-positive cells compared to other
We also investigated the molecular mechanism underlying the groups and the combination (Fig. 6 F-G).
combined treatment by examining the levels of pERK and c-Myc using To mechanistically validate the on-target effect of combined Sotor-
immunoblotting. The combination of Sotorasib and K-552 resulted in a asib and USP47 inhibition in vivo, we assessed the levels of USP47 and c-
further reduction in c-Myc levels (Fig. 5G, H). Moreover, the effect was Myc using immunofluorescence staining. Consistent with the cell line
more pronounced compared with the individual administration of results, USP47 inhibition led to a decrease in c-Myc levels. In the
Sotorasib or K-552, as the results were seen for Sotorasib with siUSP47 Sotorasib-treated tumor tissue, c-Myc levels were almost similar to those
(Fig. 5A-F). These findings provide additional evidence for the enhanced in the vehicle group. However, co-treatment with K552 and Sotorasib
therapeutic impact achieved through combining Sotorasib and K-552 resulted in a significant decrease in c-Myc levels (Fig. 6E-H). This im-
treatments, highlighting the synergistic modulation of c-Myc expression plies that while Sotorasib treatment reduces c-Myc levels in vitro,
levels (Fig. 5C-D). To explore whether the decrease in the c-Myc level is Sotorasib treatment in vivo may allow c-Myc levels to rebound to those of
associated with degradation, we examined the c-Myc level following the the vehicle group. The combination with K-552 helps maintain reduced
treatment of MG132 or chloroquine, inhibitors of proteasome or auto- c-Myc levels over time, supporting its potential to enhance the sustained
phagy, respectively. c-Myc level was recovered by treatment with effects of Sotorasib. All these results showed that the combination
MG132 but not with chloroquine (Fig. 5J, Figure S7H). These results treatment of Sotorasib and K552 had more pronounced effects compared
indicate that c-Myc protein levels are mediated by ubiquitin proteaso- to the individual treatment with Sotorasib or K552 and that the com-
mal degradation rather than the autophagic pathway. Furthermore, we bination treatment of Sotorasib and K552 delayed tumor growth,
confirmed that Sotorasib and K-552 reduce epithelial-to-mesenchymal inhibited cell proliferation, and increased cell apoptosis by inhibiting
transition (EMT) protein markers, which are responsible for cancer USP47 and destabilizing c-Myc. Taken together, these findings provide
cell migration and enhanced growth (Fig. 5K). In summary, co- valuable insights into the potential therapeutic benefits of using both
treatment of K-552 with Sotorasib both increases and sensitizes the Sotorasib and USP47 inhibitors in the treatment of NSCLC.

medication’s effectiveness in NSCLC cells.
4. Discussion

USP47 has emerged as a promising therapeutic target for the
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Fig. 6. Co-treatment of Sotorasbib and K-552 shows synergetic effects on NSCLC treatment in a xenograft mouse model. A-C H358 cells were inoculated into Balb/c
nude mouses. After 7days of inoculation, we divided into 4 groups (Vehicle, Sotorasib, K-552, combination treatment) and measured tumor volumes, and body
weight for 25 days. The graphs indicate tumor volume, the rate of tumor growth, and body weight in the H358 tumor-bearing xenograft model. D After the end of
treatment, the mice were sacrificed and then tumors were harvested. The representative image shows tumor formation in vehicle group and each treatment group. E
The harvested tumors were immunostainned and then imaged using confocal microscope. The representative image shows morphological changes, Ki67, Caspase-3
USP47 and c-Myc immunoreactivity. Scale bar = 200 pm. F The bar graph indicates quantification of the number of Ki67 positive cells (mean + SEM; n = 4 from
each group). G The bar graph indicates quantification of the number of Caspase-3 positive cells (means + SEM; n = 4 from each group). *p < 0.05 vs. the vehicle
group. H Bar graph indicates quantification of the immunofluorescence intensity of c-myc (mean + SEM; n =4 from each group). *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001 vs. the vehicle groups, p < 0.05 vs. combination of the Sotorasib and K552 group, p < 0.0001 vs. each of the Sotorasib and

K552 group.

treatment of cancer, as it is upregulated in various cancers such as colon
cancer, acute myeloid leukemia, and lymphoma. Specifically, USP47 is
upregulated in NSCLC patients [27], while inhibitors targeting
Pan-KRAS or pERK reduce USP47 protein levels in CML [26]. In the
Drosophila model, USP47 regulates MAPK stability, although the un-
derlying mechanism remains unknown [32]. Additionally, another
study found that USP47 positively correlates with and activates NF-kB
[52], which is linked to the KRAS/PI3K/AKT signaling pathway and is
part of the MAPK signaling pathway [53]. These findings suggest that
targeting USP47 could be an effective strategy against NSCLC and may
reveal additional functions of USP47 within the KRAS signaling
pathway. In this study, we focused on elucidating the role of USP47 in
KRAS G12C-mutated NSCLC. First, we investigated the potential func-
tional mechanism of USP47 in the NSCLC cell line and found that as a
substrate of USP47, c-Myc is stabilized, leading to USP47-mediated cell
proliferation in NSCLC cells (Figs. 1 and 2). Furthermore, we identified
the K-552 compound as a USP47 inhibitor based on USP47 protein
structure we discovered before, which induced cell death in KRAS
G12C-mutated NSCLC cells (Fig. 4). Finally, we showed that Sotorasib, a
KRAS G12C inhibitor, with USP47 inhibitor K-552 results in an additive
effect on growth inhibition of KRAS G12C-mutated NSCLC both in vitro
and in vivo (Figs. 5 and 6).

Early studies have shown that several DUBs, including USP28 [54],
USP7 [55], USP37 [56], USP36 [57], USP43 [58], OTUDG6A [59] sta-
bilize c-Myc through deubiquitination. Most of these DUBs (such as
USP28, USP36, USP38, and OTUD6A) specifically interact with c-Myc in
the transactivation domain (TAD), where the well-known c-Myc tar-
geting E3 ligases FBXW7 primarily binds [19,60]. In contrast, USP37
regulates and interacts with c-Myc independently of the TAD domain
[56]. USP43 binds to both the N-terminal and C-terminal domains of
c-Myc [58]. In this study, we observed that USP47 primarily binds to the
C-terminal domain of c-Myc, unlike other DUBs known for targeting
c-Myc. USP47 may deubiquitinate c-Myc that has been ubiquitinated not
only by FBXW7 but also by other E3 ligases, suggesting that USP47 could
play a crucial role in stabilizing c-Myc.

We also discovered that c-Myc interacts with USP47’s catalytic
domain, as well as the UBL1 and UBL2 domains of USP47 (Fig. 1I). Our
previous study discovered that RPS2 directly interacts with
USP47477’934, which contains UBL1-3 domain [61]. However, the
interaction between USP47 and c-Myc disappeared in USP47477-234 and
USP47477-1287 which are deleted the catalytic domain or UBL4 domain,
suggesting distinct roles for USP47 domains. This implies that USP47
domains have different roles from their substrates. It is plausible that
USP47 UBLs may function different substrate binding affinity, affect
structural changes or enzymatic activity. USP7, which is reported to
homology with USP47 [62], organizes its UBL domain 2-1-2 differently
and regulates its activity through the conformation change [62]. Also,
the N-terminal UBL domain of USP4 is reported to affect the enzymatic
activity of USP4 in vitro [63]. Based on these, it is tempting to suggest
that the UBL domains of USP47 may also affect the substrate binding and
have unique functions. However, further structural and functional
studies are needed.

In the previous study, we determined the structures of the USP47
catalytic domain with and without ubiquitin bound to better understand
its structural and functional characteristics and serve as a basis for the
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design of USP47-targeted compounds [36]. Based on the study, we
conducted in silico virtual screening and selected K-552 (Figure S4 B-C).
As expected, it is mainly targeting USP47 than USP7, unlike other USP47
inhibitor compounds discovered in vitro (Figure S4 D-G). Somewhat
differently from in vitro findings, K-552 does not inactivate USP7 but
instead inactivates USP47 in A549 cell lines (Fig. 4C, D). We hypothesize
that K-552 was designed based on USP47p structure, which may
explain its high Kp value for USP7¢p and consequent inability to effec-
tively inactivate USP7. Furthermore, only the catalytic domain of re-
combinant USP47 and USP7 was used in the in vitro assay, suggesting
that other domains may influence the activity of both USP47 and USP7
in a cellular context.

The recent FDA approval of Sotorasib marks a significant milestone
in targeted therapy for KRAS-driven NSCLC and colorectal cancer [64],
[65]. However, despite this advancement, ongoing research is focused
on combination therapies to improve treatment outcomes and address
acquired resistance [66]. Studies have mainly focused on a synergistic
effect whereby downstream components of the KRAS pathway are
inhibited to overcome resistance and enhance the effectiveness of KRAS
G12C inhibitors. The stability of the c-Myc protein, which we identified
as a substrate of USP47, is enhanced through the oncogenic RAS
signaling pathway [3,4,15]. Recently, c-Myc, one of the RAS down-
stream molecules, was found to be a key molecule of KRAS®'2% sensi-
tivity and resistance in vitro and in vivo models [4,15]. In PDAC cells
which shows insensitivity of Sotorasib, oncogenic KRAS promotes c-Myc
protein stability by ERK/Survivin axis. Researchers targeted survivin to
suppress c-Myc protein level by regulating phosphorylation, thereby
inhibiting the proliferation of PDAC cell line with mutated KRAS [4].
According to Wang et al., PLK1 was elevated and promoted c-Myc
phosphorylation to stabilize the c-Myc protein in KRAS®12C _resistant
cell line [15]. Both studies focused on targeting proteins that regulate
c-Myec protein stability. Furthermore, previous studies indicated that the
abundance of c-Myc is associated with KRAS®!? insensitivity in clinical
practice [7]. Analysis of patient samples from clinical practice revealed
that three patients treated with Sotorasib exhibited genetic alterations in
c-Myc, leading to Myc amplification [7]. Based on these findings, we
hypothesized USP47-c-Myc axis could be a potential pathway to
enhance the effectiveness of KRAS®2 Sotorasib.

Recent studies have also suggested that the modulation of protein
homeostasis is a mechanism for tumors to gain resistance in response to
oncogenic KRAS inhibitors. Inotisol-requiring enzyme la (IREla) has
been identified as a key node in proteostasis reprogramming, and
inhibiting IRE1a enhances the response of KRAS®'2¢_driven tumors to
Sotorasib [67]. Our study implies that other enzymes that regulate
protein homeostasis could also be key in overcoming resistance or
enhancing sensitivity to KRAS inhibitors. Altogether, we determined
that modulating c-Myc protein degradation by inhibiting USP47 could
be an effective way to enhance the response of KRAS®2- mutated cancer
cells to Sotorasib.

We investigated whether combining K-552 with Sotorasib could
enhance the sensitivity of KRAS®'2%! in lung cancer. First, to study the
additional effect of Sotorasib with a USP47 inhibitor in vitro, we selected
three KRAS G12C-mutated cell lines based on previous studies [49,68],
which indicated that Calu-1 and H1171 are less sensitive than H358. Cell
viability in the Calu-1 or H1171 cell lines is still greater than fifty
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percent even when cells are treated with Sotorasib at 1 or 10 pM [49,
68]. We also found that K-552, USP47 inhibitor showed poor responses
in Calu-1 and HCC1171 cell lines, with ICsy value 42.95puM and
50.77 pM, respectively (Fig. 4I, J). Therefore, we hypothesized that
Calu-1 and H358 would exhibit an enhanced combinatorial response to
Sotorasib (at 0.1 or 1 pM) and K-552 (at 25 pM), at lower concentrations
than those used in monotherapy. Indeed, Sotorasib treatment was more
effective in USP47 knockdown cells compared to USP47-expressed cell
lines (Fig. 5A-C). Likewise, the co-treatment of Sotorasib and K-552 had
an additive effect in inhibiting KRAS®'%® mutated NSCLC cell lines
(Fig. 5D-F). As expected, the BSS scores for Calu-1 cells indicated
combinational effects with at least 0.1 pM Sotorasib and 25 pM K-552,
while HCC1171 cells showed synergistic effects with at least 1 pM
Sotorasib and 25 pM K-552. For H358, a cell line sensitive to Sotorasib, a
synergistic effect on cell viability was at 0.01 pM Sotorasib and 12.5 pM
K-552.

To elucidate the mechanism of the combination therapy, we
observed that concomitant treatment with Sotorasib and K-552 addi-
tionally attenuated c-Myc protein levels and induced apoptosis (Fig. 5G-
H, J). We also acknowledged that EMT is a compelling cause of
KRASC12C resistance [8,49]. It was also reported that USP47 is one of
the factors of EMT [24]. Consistent with a previous study on the relation
between USP47 and EMT, the combination of Sotorasib and K-552 re-
duces EMT marker protein levels (Fig. 5K).

Most identified USP47 inhibitors primarily target USP7. P5091 was
the first compound identified as a USP7/USP47 dual inhibitor, and
several derivatives have been developed for further optimization [69].
Among them, P50429 and P22077, derivatives of P5091, inhibit both
USP7 and USP47 at lower concentrations compared to P5091. Parthe-
nolide, which is derived from the leaves of feverfew (Tanacetum par-
thenium), has been traditionally used for relieving fever, migraine, and
inflammation. It has also demonstrated anti-cancer effects [33,70].
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Parthenolide, identified as a USP7 inhibitor, has been shown to bind and
inhibit USP47 as well [28]. Compared to other USP47 inhibitors, such as
P50429, K-552 demonstrates specificity, which may minimize off-target
effects. However, resistance to K-552 could arise through compensatory
activation of alternative pathways or adaptive feedback loops within the
KRAS signaling network. Notably, USP47 regulates multiple substrates
linked to key oncogenic pathways, including NF-xB and PI3K/AKT,
suggesting that its inhibition could modulate broader signaling net-
works. Other DUB inhibitors, such as b-AP15/VLX1570 and inhibitors of
USP14 and UCHLS5, have also been reported to develop moderate
resistance in vitro [71]. Therefore, investigating combination strategies,
such as co-targeting USP47 with MEK or PI3K inhibitors, and conducting
direct comparative studies with other USP47 inhibitors are essential for
optimizing therapeutic efficacy. Future studies should also explore
structure-activity relationships to further enhance specificity and
develop second-generation inhibitors with improved potency and safety
profiles.

In summary, our study highlights that USP47 plays an essential role
in enhancing oncoprotein c-Myc and promoting cell proliferation in lung
cancers. Targeting USP47 with K-552 sensitizes KRAS G12C-mutated
NSCLC cells to Sotorasib by reducing c-Myc protein levels. The collab-
orative use of Sotorasib and K-552 enhances cytotoxicity, induces
apoptosis, and reduces mesenchymal transition by concomitantly tar-
geting and inducing c-Myc proteasomal degradation pathways in KRAS-
mutated cells (Fig. 7). Therefore, we suggest that targeting USP47 is a
promising strategy for overcoming the limitations of KRASC!2C,
although more research is necessary to develop more optimized USP47
inhibitors for treating KRAS-mutated NSCLC.
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