
ARTICLE OPEN

USP24-i-101 targeting of USP24 activates autophagy to inhibit
drug resistance acquired during cancer therapy
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Drug resistance in cancer therapy is the major reason for poor prognosis. Addressing this clinically unmet issue is important and
urgent. In this study, we found that targeting USP24 by the specific USP24 inhibitors, USP24-i and its analogues, dramatically
activated autophagy in the interphase and mitotic periods of lung cancer cells by inhibiting E2F4 and TRAF6, respectively. USP24
functional knockout, USP24C1695A, or targeting USP24 by USP24-i-101 inhibited drug resistance and activated autophagy in gefitinib-
induced drug-resistant mice with doxycycline-induced EGFRL858R lung cancer, but this effect was abolished after inhibition of
autophagy, indicating that targeting USP24-mediated induction of autophagy is required for inhibition of drug resistance. Genomic
instability and PD-L1 levels were increased in drug resistant lung cancer cells and were inhibited by USP24-i-101 treatment or
knockdown of USP24. In addition, inhibition of autophagy by bafilomycin-A1 significantly abolished the effect of USP24-i-101 on
maintaining genomic integrity, decreasing PD-L1 and inhibiting drug resistance acquired in chemotherapy or targeted therapy. In
summary, an increase in the expression of USP24 in cancer cells is beneficial for the induction of drug resistance and targeting
USP24 by USP24-i-101 optimized from USP24-i inhibits drug resistance acquired during cancer therapy by increasing PD-L1 protein
degradation and genomic stability in an autophagy induction-dependent manner.
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INTRODUCTION
Drug resistance is induced by drug treatment in various diseases,
such as bacterial infection and cancer, decreasing the effective-
ness of the drug. Although many related studies have attempted
to solve this issue, drug resistance remains a major problem. What
are the challenges regarding cancer drug resistance? One major
challenge is that drug resistance is multifactorial. The second
challenge is that drug resistance is heterogeneous. The final
challenge is that drug resistance is prone to undersampling in
translational investigation [1]. Many factors are involved in drug
resistance, including increased drug efflux, decreased drug
uptake, altered cell cycle checkpoints, the induction of emergency
response genes, apoptotic inhibition, drug compartmentalization
and altered drug targets. Two major classes of drug resistance-
associated membrane proteins have been identified: the ATP-
binding cassette (ABC) transporter superfamily and solute carrier
transporters [2]. All of these pathways are regulated by gene
mutation and DNA damage repair pathways. Therefore, genome
stabilization can decrease the rate of mutation and prevent the
dysregulation of genes, potentially inhibiting drug resistance
during cancer therapy. Our previous studies indicated that
knockdown of USP24 is involved in the protein degradation of
P-gp and ABCG2 in a proteasome-dependent and lysosome-
dependent manner, respectively [3].

Deubiquitinases (DUBs) are specific enzymes that regulate
multiple cellular functions by modulating ubiquitination.
Ubiquitin-specific peptidases (USPs) belong to the DUB super-
family, which has been related to many human diseases, including
cancer progression [4, 5]. More than 50 USPs have been identified,
and most of these enzymes can reverse the polyubiquitination or
monoubiquitination of target proteins. A malfunction in the
ubiquitin system can either enhance the effect of oncogenes or
reduce the activity of tumor suppressor genes, and therefore, this
system has been implicated in the tumorigenesis of various
cancers [6, 7]. In our previous study, we demonstrated that USP24
expression was upregulated in most late-stage lung cancer
patients due to increased mRNA stability caused by single
nucleotide polymorphisms (SNPs) or RNA editing [8]. We also
observed that upregulation of USP24 increased the stability of
MDM2, which is the E3-ligase of the methyltransferase Suv39h1,
thereby increasing Suv39h1 degradation. The downregulation of
Suv39h1 released downstream genes from inhibition, leading to
the expression of metastasis-related genes, such as those
encoding CCL5 and ADAM10 [8].
Autophagy is a lysosome-dependent degradation pathway that

promotes cell homeostasis in response to various stress condi-
tions, such as DNA damage, oxidative stress and starvation.
Autophagy-related (atg) genes regulated by several kinases, such
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as mTOR and MAPK, are involved in autophagic progression
[9, 10]. Three types of autophagy, macroautophagy, microauto-
phagy and chaperone-mediated autophagy, use distinct mechan-
isms to degrade their client proteins in a lysosome-dependent
manner [11]. Increasing evidence supports that autophagy is
involved in various diseases, including cancer progression,
diabetes and neuron degenerative diseases [12–15]. In cancer
progression, the role of autophagy is very different in different
cancer types and stages. Some studies have shown that
autophagy positively regulates cancer progression, including
proliferation, malignancy and drug resistance, and some other
studies have shown negative regulation [16, 17]. Most of the
studies on the role of autophagy in diabetes and neurodegen-
erative diseases are consistent. Inhibition of autophagy is a major
cause of diabetes and neurodegenerative diseases [18–20].
Ubiquitination of proteins is involved in protein degradation in a
proteasome-dependent manner. Proteins modified by ubiquitin
can also be degraded via an autophagic pathway [21, 22]. Two
ubiquitin-like conjugations found during autophagy, ATG12 and
ATG8/LC3, are essential for the induction of autophagy [23].
ATG12 can be conjugated with ATG5 by ATG7, and LC3 can be
conjugated to the membrane to form LC3-II [24, 25]. Several E3-
ligases and DUBs have been found to be involved in autophagic
progression [26]. Our recent results indicated that USP24 knockout
or USP24-i treatment induced autophagy in vivo and in vitro to
inhibit the drug resistance of cancers acquired from Taxol or
gefitinib treatment.

MATERIAL AND METHODS
Cell culture and transfection
Human lung adenocarcinoma epithelial cell lines, A549 was obtained from
the American Type Culture Collection (ATCC). The human lung cancer cell
lines PC9 and HCC827 kindly provided by Dr. Shang-Yin Wu (National
Cheng Kung University, Tainan, Taiwan).
The breast cancer cell lines, MCF7 and MDAMB231 kindly provided by Dr.

Ju-Ming Wang (National Cheng Kung University, Tainan, Taiwan). These cells
were cultured with RPMI 1640 medium (Corning, Manassas, VA, USA)
containing 10% fetal bovine serum (FBS, Thermal Fisher), 100 µg per ml
streptomycin and 100 U per ml penicillin G sodium (Thermal Fisher). Taxol-
resistant A549 (A549-T24), gefitinib-resistant PC9 (PC9-GR), and gefitinib-
resistant HCC827 (HCC827-GR were maintained in the same culture medium
containing Taxol and gefitinib (Sigma-Aldrich, St. Louis, MO, USA),
respectively. Human hepatoma cell lines, HepG2 and Huh7, obtained from
the laboratory of Professor Wen-Ya Huang in NCKU of Taiwan were cultured
with DMEMmedium (Corning, Manassas, VA, USA). All cells were incubated at
37 °C with 5% CO2. For transfecting plasmid, Polyjet (SignaGen) was used
according to manufacturer’s instructions. All cell lines were tested for
mycoplasma contamination and results were negative.

Lentivirus knockdown system
Scramble knockdown (TRCN0000072246; CAAATCACAGAATCGTCGTAT) and
USP24 knockdown lentivirus (TRCN0000245779; CTCTCGTATGTAACGT
ATTTG) were generated form RNAi core facility of Academia Sinica (Taipei,
Taiwan). Cells were seeded in 6-well plates and incubated for 16 h, and then
treated with 1ml RPMI medium containing 10 µg Polybrene (Millipore) and
lentivirus with 5m.o.i. After 24 h of infection, medium containing lentivirus
was replaced with fresh medium and maintained for another 72 h.

Traffic light assay
A549-T24 cells were cultured on coverslips and upon transfecting cells with
the 1 μg mRFP-EGFP-LC3 plasmid for 24 h, and then were exposed to
distinct treatments of 10 μM Rapamycin, 10 nM Bafilomycin A1, and 5 μM
USP24-I for an additional 24 h. The cells were fixed with 4% formaldehyde,
and then the signal of EGFP and mRFP was measured with a Laser confocal
microscope (FV1000, Olympus, Japan).

Cell viability assay
Cells seeded in 96-well plates (1 × 104 cells/well) were treated with 5 μM
USP24-i-101, 24 nM Taxol (paclitaxel, Selleckchem, S1150), 10 nM Baf-A1

(Bafilomycin A1, Abcam, ab120497), and 5 μM CQ (Chloroquine, MedChem
Express, HY-17589A) for 24 h. The cell viability was assessed using the
PrestoBlue cell viability kit following the manufacturer’s instructions
(Thermo Fisher Scientific).

in vitro deubiquitination assay
PC9-GR cells were treated with 10 μM MG132 (Sigma-Aldrich) for 12 h. Cell
lysates were harvested for immunoprecipitation assay (IP) with anti-PD-L1
antibodies (1:100) for 4 h, and then incubated with 140 μl protein A
agarose (Millipore) for 1 h. After three times washing, the IP samples were
mixed with human recombinant USP24 protein (50 µg per ml) (OriGene) in
the deubiquitination buffer (50 mM Tris PH 8.0, 10mM DTT and 5 µM
MG132) for 2 h in 37 °C. The reaction was stopped by adding 140 μl sample
buffer. The signal of ubiquitinated proteins were measured by western
blotting.

Protein stability assay
Cells were infected with scramble or USP24 shRNA expressing lentivirus
(m.o.i. = 5) for 4 days, and then treated with 100 µg/ml cycloheximide
(Sigma-Aldrich, St. Louis, Missouri, USA). Cells were harvested with sample
buffer, and protein levels were measured by Western blot. The protein
levels were quantified by using ImageJ 8.0 software.

Immunohistochemistry
The human investigations were systematically conducted in strict
compliance with prevailing guidelines and regulatory protocols. The study
using human specimens was provided by National Cheng Kung University
Hospital (NCKUH), under the approval of the Institutional Review Board
(IRB) of NCKUH (IRB No.: B-ER-108-368). Human and animal specimens were
incubated in 10% formaldehyde for 24 h for fixation, dehydration, and
embedded in paraffin. Hematoxylin and eosin were used for staining
sections (5 mm). For immunohistochemistry, paraffin-embedded sections
were incubated in xylene for dewaxing and a graded series of ethanol for
dehydration. Sections were incubated in PBS with 0.3% hydrogen peroxide
for 30min to block endogenous peroxidase, and then incubated in PBS
with 1% bovine serum albumin for blocking. The anti-USP24 (1:200)
(13126-1-AP, Proteintech, USA), anti-PD-L1 (1:200) (#13684, Cell Signaling
technology, Danvers, MA, USA), anti-LC3-II (1:200) (#3868, Cell Signaling
technology, Danvers, MA, USA) and anti-CD3 (1:200) antibodies (A700-174,
Bethyl Laboratories, Inc., Montgomery, TX, USA) were used to cover
sections for 1 h at room temperature, and the Vectastain ABC kit (Vector
Laboratories, Burlingame, CA, USA) was used for visualizing the
immunoreactivity. Sections were photographed by Olympus BX-51
microscope (Olympus, Melville, NY, USA).

Immunofluorescent analysis
Cells seeded in 6-well plates with cover slips inside were infected with
scramble and shUSP24-knockdown lentivirus (m.o.i. = 5) for 48 h. The cells
in coverslips were fixed with 4% paraformaldehyde at 4 °C for 15min. After
fixation, coverslips were washed with PBS, and incubated with 0.2% Triton
X-100 in PBS for 5 min at room temperature, then were blocked with 1%
Bovine serum albumin (BSA) for 1 h, and stained with anti-GFP (1:200) (SC-
9996, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-LC3-II (1:200)
(#3868, Cell Signaling technology, Danvers, MA, USA) for 16 h at 4 °C. After
washing with PBS, cells were stained with Alexa Fluor® 488 or 568
(Invitrogen, Carlsbad, CA, USA) for 1 h at room temperature and mounted
with 90% glycerol containing DAPI (Invitrogen, Carlsbad, CA, USA). The
number of stained cells were examined by fluorescence microscopy
(Olympus, Tokyo, Japan.). ImageJ (Bethesda, Maryland, USA.) was used to
perform the statistical analysis.

Animal cares, lung cancer animal model, and drug resistant
lung cancer animal model
The experiments related to animals were approved by the Institutional
Animal Care and Use Committee (IACUC: 109110) at National Cheng Kung
University (NCKU). These transgenic mice were generated at National
Laboratory Animal Center (NLAC, Taiwan, Tainan). After breeding, two-
month-old transgenic mice were used to study lung cancer development.
Caging provided suitable space and accommodated appropriate popula-
tion densities that allowed animals sufficient freedom of movement. To
provide amounts of food that must be for transgenic mice to normal
growth, and maintenance of normal body weight. These transgenic mice
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were accessed to fresh and uncontaminated drinking water. Transgenic
mice were also observed and cared at least for two to three times per
week. All methods involving animals were performed in accordance with
the relevant guidelines and regulations. USP24 is localized on mice
chromosome 4. By using CRISPR/Cas9 system to target USP24 point
mutation, C1695A, to construct C57BL/6J-NarI-USP24C1695A mice. The used
guide sequence is 5′-ACGGTGGCGCCACTGCTTACATGAATGCAGT
GTTCCAGCAGC-3′ to add one another restriction site, NarI, delete one
restriction site, BbsI, and create one mutation residue from cysteine to
alanine (C1695A) (Supplementary Fig. 1A). TetO-EGFRL858R transgenic mice
were obtained from the laboratory of Professor Ming-Derg Lai in NCKU of
Taiwan. The Scgb1a1-rtTA transgenic mice express the rtTA (reverse
tetracycline trans-activator) protein regulated by the promoter of Scgb1a1,
which is a specific promoter of lung. The TetO-EGFRL858R transgenic mice
expressed activated EGFR (EGFRL858R) regulated by the promoter contained
TRE (tetracycline-responsive promoter element). After mating, the genomic
DNA was isolated from the tail of mice, EGFRL858RUsp24C1695A transgenic
mice, and then genotyped by PCR using following primer: rtTA forward: 5′-
AAAATCTTGCCAGCTTTCCCC-3′, reverse: 5′-ACTGCCCATTGCCCAAACAC-3′,
EGFRL858R forward: 5′-ACTGTCCAGCCCACCTGTGT-3′, reverse: 5′-GCCT
GCGACGGCGGCACTCTGC-3′ and Usp24C1695A forward: 5′-CGTACCAGCTCCT
AACACAG-3′, reverse: 5′-GCCTGCTACTCCACAAGTTG-3′. Usp24C1695A PCR
product used NarI (New England Biolabs) at 37 °C for 1 h. EGFRL858R was
expressed by adding doxycycline (0.5 g/l) to the drinking water. After
1.5 months, the signal of lung tumor was measured by micro-CT (SkyScan-
1276), and then treatment with gefitinib (15 mg/kg, i.p.), two times per
week until to 31th week.

Western blotting
Cell extracts were harvested by sample buffer and analyzed by
electrophoresis. Proteins were transferred to polyvinylidene difluoride
(PVDF, Millipore, Bedford, MA, USA) membrane and TBST buffer (10mM
Tris-HCl, pH 8.0, 150mM NaCl and 0.05% Tween 20) containing 5% nonfat
milk was used for blocking. The anti-LC3-II (1:1000) (#3868, Cell Signaling
technology, Danvers, MA, USA), anti-ULK1 (1:1000) (#8054, Cell Signaling
technology, Danvers, MA, USA), anti-p62 (1:1000) (GTX100685, Genetex,
Alton Pkwy Irvine, CA, USA), anti- Phospho-ULK1 (1:1000) (Ser555) (#5869,
Cell Signaling technology, Danvers, MA, USA), anti-USP24 (1:1000) (13126-
1-AP, Proteintech, Rosemont, IL, USA), anti-E2F4 (1:1000) (ab150360,
Abcam, Cambridge, MA, USA), anti-E2F1 (1:1000) (#3742, Cell Signaling
technology, Danvers, MA, USA), anti-γ-H2AX (1:1000) (AP0099, Abclonal,
China), anti-CCNB1 (1:200) (sc-245, Santa Cruz Biotechnology, Santa Cruz,
CA, USA), anti-TRAF6 (1:1000) (#8028, Cell Signaling technology, Danvers,
MA, USA), anti-ATG3 (1:1000) (#3415, Cell Signaling technology, Danvers,
MA, USA), anti-ATG4B (1:1000) (GTX115678, Genetex, Alton Pkwy Irvine, CA,
USA), anti-ATG5 (1:1000) (#12994, Cell Signaling technology, Danvers, MA,
USA), anti-ATG7 (1:1000) (#8558, Cell Signaling technology, Danvers, MA,
USA), anti-ATG12 (#4180, Cell Signaling technology, Danvers, MA, USA),
anti-ATG16L1 (1:1000) (#8089, Cell Signaling technology, Danvers, MA,
USA), anti-mTOR (1:1000) (#ab2732, Abcam, Cambridge, MA, USA), anti-p-
mTOR(S2448) (1:1000) (ab109268, Abcam, Cambridge, MA, USA), anti-
Beclin-1 (1:1000) (#3495, Cell Signaling technology, Danvers, MA, USA),
anti-ABCG2 (1:1000) (#42078, Cell Signaling technology, Danvers, MA, USA),
anti-PD-L1 (1:1000) (GTX104763, Genetex, Alton Pkwy Irvine, CA, USA), and
anti-actin (1:3000) (GTX26276, Genetex, Alton Pkwy Irvine, CA, USA) were
used as the first antibodies. After incubation with primary antibodies for
12 h, PVDF membranes were then incubated with secondary immunoglo-
bulin antibodies linked with horse radish peroxidase (Merck Millipore,
Billerica, MA, USA) for 2 h. ECL western blotting detection system (Merck
Millipore, Billerica, MA, USA) and ChemiDoc-it imager (UVP, Upland, CA,
USA) were used for detecting signals.

Whole-genome sequencing
A549 cell line was sequenced by a whole genome sequence. Genomic DNA
materials were extracted using the QIAamp DNA Mini kit (QIAGEN,
Germantown, MD, USA.) according to the manufacturer’s protocol.
Following the manufacturer’s recommendations to add indices to each
sample, using NEBNext® DNA Library Prep Kit. DNA sample preparations
need 1.0 μg of DNA per sample. Randomly fragmented the genomic DNA
to a size of 350 bp by shearing. DNA fragments were ligated with the
NEBNext adapter and polished A-tailed for Illumina sequencing. Agilent
2100 Bioanalyzer analyzed for size distribution with purified PCR products
(AMPure XP system) and quantified using real-time PCR. Variants are
calling it by GATK, DELLY, and FREEC software.

Fluorescence-activated cell sorting (FACS)
The experiment follows the methodology outlined by Wang et al. [3]. Cells
were initially seeded in a 6-well plate, and the duration of culturing varied
depending on the specific experiments conducted. Under appropriate cell
density conditions, cells were washed with phosphate-buffered saline
(PBS), and then were fixed with 75% ethanol at 4 °C for 2 h. Following
fixation, cells were treated with PBS containing 0.1–0.15% Triton X-100 for
10–30min. Next, cells were treated with 50 µg/ml propidium iodide,
supplemented with RNase A, at 26 °C for 1 h. The stained cells were then
analyzed using an Attune NxT Flow Cytometer (Thermo Fisher, USA).

Transmission electron microscopy (TEM)
A549-T24 lung cancer drug resistant cells were treated with 5 µM of
USP24-i-101 for 24 h, and then fixed with 4% formaldehyde for studying
the cell morphology by using H-7650 TEM (TEM; Hitachi, Tokyo, Japan).

Micro CT
Micro CT images of the lungs were obtained using a SkyScan 1276 (at
Bruker Biospin, Billerica, MA). Mice were anesthetized with isoflurane. Scans
were performed with the following parameters: source voltage and current
(60 kV and 200 μA), imaging pixel size was 34.9999451 μm with 0.5 μm
filter. The distance of the object to the source was set to 79.138mm. The
total scan time was approximately 20min for the lung. Image processing
was performed with DataViewer (Bruker-microCT NV, Kontich, Belgium)
software and then rendered into 3D images in CTAn and CTVol softwares
(Bruker-micro-CT NV, Kontich, Belgium).

Masson’s trichrome staining
The lung tissues from mice were collected, routinely fixed in 4% formalin at
4 °C for 48 h and embedded in paraffin. Sections of 5-µm thickness were
cut then deparaffinized. Using Masson’s trichrome kits (Abcam, ab150686)
to measure the density of collagen fibers according to the manufacturer’
instruction.

RNA-Seq
Total RNA was extracted and purified by a Quick-RNA MiniPrep Kit (Zymo
Research, Irvine, CA, USA). For RNA Sequencing analysis, 3 μg of isolated total
RNA was qualified and sequenced by Biotools Biotech Co. Ltd (Taipei City,
Taiwan). The detailed methods are shown in the supplementary material.

Immunoprecipitation assay
Cells were washed with PBS and resuspended with lysis buffer (25 nM, pH
7.5 Tris-HCl, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 1% SDS). Cell
extracts were prepared, and the protein concentration was determined
using a bicinchoninic acid (BCA) protein assay kit. Immunoprecipitation
was performed as previously described [27]. Briefly, an equal amount of
protein was used in each experiment. Diluted 50 µl supernatant with 450 µl
dilution buffer (50mM, pH 8.0 Tris-HCl, 0.5% NP-40, 0.2 M NaCl, 0.5 mM
EDTA) and incubated with antibodies against USP24 (1:200) (13126-1-AP,
Proteintech, Rosemont, IL, USA) or anti-PD-L1 (1:200) (#13684, Cell
Signaling technology, Danvers, MA, USA or Normal IgG (1:250, Santa
Cruz)) at 4 °C for 16 h. The immunoprecipitated pellets were subsequently
incubated with protein G-Sepharose at 4 °C for 3 h, washed three times
with lysis buffer, and separated on SDS-PAGE.

Cryo-EM single particle reconstruction
The recombinant USP24 used for cryo-EM analysis was purchased from
OriGene with a concentration of 0.15mg/ml (CAT#: TP329472, OriGene,
USA), and an aliquot of 4 μl was loaded onto a glow-discharged grid
coated with a holey carbon film (300 mesh, R2/1, Quatifoil GmbH,
Germany). The vitrification of the grids was carried out using a Vitrobot
system (Thermo Fisher Scientific, USA) with a waiting time of 3 s and
blotting time of 4.5 s. The cryo-EM micrographs were acquired using a
200 kV Talos Arctica transmission electron microscope equipped with a
Falcon III detector (Thermo Fisher Scientific, USA) with a magnification of
×120,000, corresponding to a pixel size of 0.86 Å/pixel. The micrographs
were processed with motion correction and CTF estimation using
cryoSPARC [28]. For the single particle reconstitution analysis, 16,213
particles were selected from a total of 57,814 particles picked from 2921
micrographs after three runs of 2D classification. The initial map was
refined and polished through two rounds of homogenous refinement and
was then visualized using Chimera.
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Statistical assay
All samples were used for statistical analysis. The investigator was aware
of the sample allocation during the experiment and when assessing its
outcome for all animal experiments. For all experiments, at least
three independent biological replicates of each condition were analyzed.
The estimated variation within each experiment group is similar.

The difference between two groups was analyzed by a two-tailed
unpaired Student’s t-test but used one-way ANOVA among three
or more independent groups. The P-value, which is <0.05, was
considered statistically significant. The center value is defined as the
mean value, and s.e.m. is used to calculate and plot error bars from
raw data.
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RESULTS
Targeting USP24 induces autophagy in vitro and in vivo
Our previous studies indicate that USP24 promotes drug
resistance acquired through cancer therapy by stabilizing ABC
transporters and inducing the genomic instability [3]. One study
indicated that USP24 stabilized permeability glycoprotein (P-gp)
and ATP binding cassette subfamily G member 2 (ABCG2) in a
proteosome- and lysosome-dependent manner, respectively [3],
implying that lysosomal function may be involved in USP24-
mediated drug resistance. In this study, we found that 5 μM and
10 μM USP24-i (Fig. 1A) or USP24-i-101 (Fig. 1B) treatment induced
LC3-II in several cell lines, including lung cancer cells A549 cells,
Taxol-induced drug resistant A549 cells (A549-T24) (Fig. 1A(a)),
PC9 cells and gefitinib-induced drug resistant PC9 cells (PC9-GR)
(Fig. 1A(b)), liver cells, Huh-7 and HepG2 cells (Fig. 1A(c)), and
breast cancer cells, MCF7 and MDA-MB231 cells (Fig. 1A(d)). In the
past, we have measured the effects of USP24-i and its analogs,
70600, 677396, 121428 and 67708 (USP24-i-101) on Taxol-induced
cytotoxicity, and found that only 67708 (USP24-i-101) can increase
Taxol-induced cytotoxicity than USP24-i. Herein we found a
positive correlation between targeting USP24-mediated LC3-II
signaling and the cytotoxicity of Taxol in drug resistance, implying
that targeting USP24-induced autophagy might be important for
inhibiting drug resistance during cancer therapy (Fig. 1C).
According to the previous studies, both autophagic inhibition
and activation can cause LC3B accumulation. To study the exact
effect of targeting USP24 on autophagy, we used USP24-i, the
autophagy inhibitor bafilomycin-A1 (Baf-A1), and the activator
rapamycin to study the LC3-II level (Fig. 1D). Indeed, the LC3-II
levels in the cytoplasm of A549 cells treated with USP24-i,
bafilomycin-A1 and rapamycin were increased compared to the
controls (Fig. 1D). Next, we studied the effect of targeting USP24
on autophagy by TEM (Fig. 1E). The autolysosomes were found in
the USP24-i-treated cells (red arrow) (Fig. 1E). We also used a pH-
sensitive plasmid, pcDNA3.1-mRFP-EGFP-LC3 which sometimes
referred to as traffic light assay, is one test to assess autophagic
flux in mammalian cells [29, 30]. In this assay, autophagosomes
appear as yellow puncta. Unlike RFP, GFP fluorescence being pH
sensitive, gets quenched in the acidic pH environment of
autolysosomes and thus appears red (Fig. 1F(a)). The data
indicated that autolysosome-induced acidic pH induced higher
mRFP-LC3 but lower EGFP expression in rapamycin- and USP24-i-
treated cells (Fig. 1F(a)), resulting in the overlap (yellow color)
between EGFP and mRFP in the control, Baf-A1-, rapamycin/Baf-
A1- and USP24-i/Baf-A1-treated cells being higher than that in the
rapamycin- or USP24-i-treated A549 cells (red color), indicating
that USP24-i treatment induces autolysosome (Fig. 1F(b) and
Fig. 1F(c)). The level of LC3-II was significantly accumulated in the

presence of USP24-i and Baf-A1 compared to Baf-A1 treatment
only (Fig. 1G(a) and Fig. 1G(b)). In addition, ATG5, ATG12 and
ATG16L1 will form a complex in autophagy activation [31], herein
we found that USP24-i increased the interaction among ATG5,
ATG12 and ATG16L1 in A549-T24 cells (Fig. 1H). Finally, the level of
LC3-II was also studied in vivo (Fig. 1I, Fig. 1J and Supplementary
Fig. 1). USP24C1695A mice constructed by CRISPR/Cas9 were used to
study the role of USP24 in autophagy (Supplementary Fig. 1). LC3-
II was increased in USP24 knockout mice (Fig. 1I) and USP24-i-
treated mice (Fig. 1J). Overall, targeting USP24 by USP24-i induces
autophagy in vitro and in vivo.

Targeting USP24 decreases E2F4 and TRAF6 levels to induce
autophagy in interphase and mitotic cancer cells
We also investigated the molecular mechanism of how USP24-
mediated autophagy in interphase and mitosis (Fig. 2, Fig. 3 and
Supplementary Fig. 2). At first, the effect of USP24-i treatment on
global gene expression profile was studied by RNA-seq. Most of the
autophagy-related genes were upregulated in the USP24-i- and
Taxol-treated A549-T24 cells compared to those with Taxol
treatment only (Supplementary Fig. 2A– D). However, when we
studied the effect of targeting USP24 on the levels of ATGs, there
was no significant difference in the levels of ATGs (Supplementary
Fig. 2E). In addition, knockdown of USP24 did not inhibit the
phosphorylation of mTOR, which is an important pathway of
autophagy induced by rapamycin Supplementary Fig. 2F). USP24-i
treatment in A549 cells increased the levels of ULK1 and p62
(Fig. 2A) and the mRNA levels of ULK1, LC3 and p62 (Fig. 2B),
implying that USP24 may stabilize one transcription factor, thereby
recruiting to the promoters of ULK1, LC3 and p62. Previous studies
have indicated that E2F1 can positively regulate the transcriptional
activities of ULK1 and LC3. Our previous studies indicated that
USP24 can stabilize E2F4 and subsequently inhibit E2F1 [32]. Herein,
we found that knockdown of USP24 by shUSP24 or targeting USP24
by the USP24 inhibitor USP24-i in A549-T24 and PC9-GR drug-
resistant lung cancer cell lines increased the LC3 levels but
decreased the E2F4 levels (Fig. 2C, D). Because E2F4 can negatively
regulate E2F1 expression, the levels of E2F1 and LC3-II were studied
under knockdown of E2F1 and USP24-i treatment in PC9-GR calls
(Fig. 2E). The data indicated that USP24-i treatment increased E2F1
and LC3-II expression. Knockdown of E2F1 inhibited the expression
of LC3-II under USP24-i treatment (Fig. 2E). In addition, previous
studies also indicate that ULK is phosphorylated at Ser555 under
autophagy condition [33]. Herein we also found that USP24-i
treatment increased the phosphorylation of ULK at Ser555 (Fig. 2F).
In summary, targeting USP24 by USP24-i inhibits E2F4, thereby
increasing E2F1 expression, and subsequently increasing ULK1 and
LC3 expression, resulting in autophagy in interphase.

Fig. 1 Targeting USP24 induces autophagy. A Various cancer cells, A549 and A549-T24 (a), PC9 and PC9-GR (b), Huh and Hep-G2 (c), MCF-7 and
MDA-MB231 (d), were treated with 0, 5 or 10 μMUSP24-i for 24 h, and then, the samples were harvested to study the level of LC3B with IB. B A549-
T24 cells were treated with 0, 5 and 10 μM of the USP24-i analogues, USP24-i-101 for 24 h, and the samples were harvested to study the level of
LC3-II with IB (a). The level of LC3-II was quantitated after three independent experiments (b). C USP24-i and various USP24-i-analogues (5 μM)
were used to treat A549 cells for 24 h, and the level of LC3-II was studied by IB (a). The level of LC3-II was quantitated after three independent
experiments (b). D A549 cells were treated with bafilomycin A1 (Baf-A1), rapamycin or USI24-i for 24 h, the level and localization of LC3-II were
studied by IF. E The autolysosomes in the A549 cells with or without USP24-i treatment were studied by TEM. F A plasmid, pmRFP-EGFP-LC3, from
Dr. Tamotsu Yoshimori was transfected into A549 cells for 24 h to study the signals of mRFP and EGFP by immunofluorescence microscopy (IF) (a).
The signal of mRFP and EGFP was also analyzed by software in Carl Zeiss LSM780 (b), and the relative LC3 puncta per cell, mRFP (autolysosome,
red) and mRFP+EGFP (autophagosome, yellow), in every cell were quantified (c). After three independent experiments were finished, the
statistical analysis was performed by ANOVA (c). G A549-T24 cells treated with 5 μMUSP24-i or 400 nM Baf-A1 for 8 h were also collected to study
the level of LC3-II by western blotting (a), and the level of LC3-II was quantified, and statistical analysis was performed by t-test after three
independent experiments (b). H A549-T24 cells with or without USP24-i treatment for 24 h, and then samples were collected for IP with anti-
ATG16 antibodies and IgG. The IP samples were used to measure the levels of ATG16L1, ATG12-ATG5 and ubiquitination signal by IB. I The lung
organs were collected from USP24WT (n= 3) and USP24C1695A (n= 3) mice to study the level of LC3-II by IB (a), and then, quantitation was
performed (b). J USP24WTmice were treated (i.p.) with 0 (n= 3), 20mg/kg (n= 5) and 50mg/kg (n= 7) for 24 h. The lung organs were harvested to
study the level of LC3-II with IB (a), and the level of LC3-II was quantitated (b). All quantitation were analyzed by statistical analysis with a t test;
*p < 0.05, **p < 0.01, ***p < 0.005, ****P < 0.001.
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Fig. 2 Targeting USP24 induces the expression of ULK1, LC3 and p62 in lung cancer cells. A549 cells were treated with USP24-i (5 μM and 10
μM) for 24 h, the protein (A) and mRNA (B) levels of ULK1, LC3 and p62 were studied by IB (A (a)) and qPCR (B), and the levels of protein, ULK1
(A(b)) and p62 (A(c)), and mRNA, ULK1 (B(a)), LC3 (B(b)) and p62 (B(c)), were quantitated. USP24 was silenced with sh-USP24 or inhibited with 5 μM
USP24-i in A549-T24 (C (a)) and PC9-GR (D (a)) cells, and then, the levels of LC3-II (C(b), (D(b)), USP24 (C (c), (D (c)) and E2F4 (C(d), (D(d)) were studied
by IB. The levels were quantitated after three independent experiments. E (a) E2F1 was silenced by sh-E2F1 (#1 and #2) in PC9-GR cells with or
without USP24-i treatment. The levels of E2F1 (E (b)) and LC3-II (E (c)) were studied by IB. After three independent experiments, the data were
quantitated. F A549 and A549-T24 cells were treated with USP24-i and Rapamycin. The samples were collected to measure the levels of phosphor-
ULK, ULK, LC3-II and actin by IB. All quantitation data were analyzed by statistical analysis with a t test; *p < 0.05, **p < 0.01, ***p < 0.005.
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Fig. 3 USP24 downregulation in mitosis induces autophagy. A A549 cells were synchronized at G2/M with nocodazole treatment, and then,
nocodazole was removed to collect samples at 0 and 40min. The autophagosomes and autolysosomes were studied by TEM. B, C PC9-GR cells
were treated with 5 and 10 μM USP24-i, synchronized with nocodazole for 18 h and released for 2 h. Samples were collected to study the
levels of the indicated proteins with antibodies against these proteins. D The levels of beclin-1, TRAF6 and actin in mitotic A549 cells were
determined by IB (D (a)), and the levels were quantitated after three independent experiments (D (b) and (c)). E A549 and A549-T24 cells were
synchronized at G2/M with nocodazole treatment, and then, nocodazole was removed to collect samples at 0, 20, 40, 60 and 80min. The
levels of USP24, CCNB1, LC3-II and actin were studied by IB (E (a) and (b)), and the levels were quantitated after three independent
experiments (E (c) and (d)). F A549 cells were synchronized at G2/M with nocodazole treatment, and then, nocodazole was removed to collect
samples at 40min. The interaction among USP24 and the indicated proteins was studied by IP with anti-USP24 antibodies and IB with
antibodies against the indicated proteins. G, H A549 cells were synchronized with nocodazole treatment for 18 h, and then released from
nocodazole (G(a)), and further treated with 10 nM bafilomycin A1 (Baf-A1) (G (b)) or 5 μM USP24-i (H) for 2 h. Samples were harvested to study
the protein levels with IB, and then the levels of indicated proteins were quantitated. Summary of the mechanism of how USP24-induced
autophagy during mitosis (I). All the quantitated data were analyzed by statistical analysis with a t test; *p < 0.05, **p < 0.01, ***p < 0.005.
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In previous studies, we showed that USP24 is downregulated
during mitosis to destabilize securin, which will be beneficial for
mitotic progression [32]. Therefore, a decrease in USP24 during
mitosis may also induce autophagy during mitosis (Fig. 3).
Interestingly, autolysosomes were found in mitotic cells (red
arrow), indicating that USP24-mediated autophagy occurs not
only in interphase but also in mitosis (Fig. 3A). Mitotic A549 cells
treated with USP24-i increased LC3-II levels and decreased levels
of TRAF6, which is one of the E3 ligases of beclin-1 (Fig. 3B and
Fig. 3C). Next, we found that the level of beclin-1 was increased
and TRAF6 was decreased in mitotic A549 cells (Fig. 3D). In
addition, we found that USP24 levels were significantly decreased
in mitotic A549 cells (Fig. 3E(a) and Fig. 3E(c)) but only slightly
decreased in A549-T24 cells (Fig. 3E(b) and Fig. 3E(c)). LC3-II was
significantly increased in mitotic A549 cells but not in A549-T24
cells (Fig. 3E(a), Fig. 3E(b) and Fig. 3E(d)), implying that the
downregulation of USP24 may induce autophagy to maintain
genomic stability in drug-sensitive lung cancer cells but not in
drug-resistant lung cancer cells (Fig. 3E). USP24, as a deubiquiti-
nase decreased during mitosis, might be related to a decrease in
TRAF6. The interaction between USP24 and TRAF6 in mitosis was
studied (Fig. 3F). The data indicated that USP24 can interact with
TRAF6 in mitotic A549 cells (Fig. 3F). In addition, inhibition of
autophagy by bafilomycin A1 delayed the decrease in CCNB1
during mitosis, indicating that autophagy is beneficial for mitotic
progression (Fig. 3G). Furthermore, USP24-i was also used to treat
mitotic A549 cells to study the levels of LC3-II, Beclin-1, CCNB1,
ATG4B and TRAF6 (Fig. 3H). The data revealed that the levels of
LC3-II and Beclin-1 were increased, but those of TRAF6 and CCNB1
were decreased in the present of USP24-i, suggesting that USP24-i
targeting USP24 may be beneficial for mitotic progression (Fig. 3H).
In summary, downregulation of USP24 during the mitotic period
may increase the degradation of TRAF6, thereby increasing the
protein stability of beclin-1 and leading to autophagic induction
(Fig. 3I).

Targeting USP24 induces autophagy to inhibit drug resistance
during lung cancer therapy
What is the role of targeting USP24-mediated autophagy in drug
resistance? Because tumor heterogeneity is related to drug
resistance, herein we studied the role of USP24 in genomic
integrity by whole genome sequencing (WGS) (Fig. 4). All the DNA
sequences were compared to the Human sequence of PubMed
(GRCH 38). The data indicated that Taxol treatment, including short-
term treatment and long-term Taxol-induced A549 drug resistance
(A549-T24), increased the mutation rate, but reduced the mutation
efficacy under knockdown of USP24 condition, indicating that
USP24 might be involved in genomic instability (Fig. 4A). The effect
of USP24 on repair activity was also studied by irradiation here
(Fig. 4B). The same irradiation exposure in A549 cells with or
without USP24 knockdown caused the same DNA damage, and
then measured the DNA damage repair activity in the early period
(Fig. 4B). The data indicated that knockdown of USP24 significantly
decreased the levels of γ-H2AX in cells with irradiation, suggesting
that loss of USP24 results in a higher DNA damage repair activity in
response to the same DNA damage repair by irradiation (Fig. 4B).
Our previous studies revealed that USP24 was decreased in mitosis
and involved in chromosome separation [32]. Herein, we also found
that GFP-USP24 overexpression in mitotic cells caused chromo-
some separation defects and increased the G2/M arrest in cells,
implying that a decrease in USP24 during mitosis is beneficial to
the genomic integrity during mitosis (Fig. 4C). In Supplementary
Fig. 4, overexpression of GFP-USP24 led to cell arrest at mitosis for
more than 12 h and caused unequal segregation finally (Supple-
mentary Fig. 4). GFP-USP24 overexpression increased the cells
stayed in G2/M phase, indicating that downexpression of USP24 is
advantage for mitosis progression (Fig. 4D(a)). Next, we studied the
effect of autophagy on mitosis. A549 cells were synchronized in G2/

M, and then treated with the autophagy inhibitor, Baf1, to study the
cell cycle (Fig. 4D(b)) and chromosome separation defects (Fig. 4E).
The data indicated that inhibition of autophagy decreased the cell
entry from G2/M (Fig. 4D(b)), and increased chromosome separa-
tion defects, micronuclei and segregation defects (Fig. 4E), indicat-
ing that autophagic induction during mitosis could maintain
genomic stability.
Next, the effect of targeting USP24-induced autophagy on

chemotherapy- and targeted therapy-induced drug-resistant lung
cancer cells was studied (Fig. 4F and Supplementary Fig. 3). The
data indicated that Taxol, USP24-i or Baf-A1 treatment alone
cannot kill Taxol-induced drug resistant A549 cells (A549-T24).
However, Taxol and USP24-i cocktail treatment significantly killed
cells (73.6%). Taxol, USP24-i and Baf-A1 treatment decreased
cytotoxicity (34.2%), suggesting that USP24-i-induced autophagy
contributes to inhibiting drug resistance acquired by chemother-
apy (Fig. 4F(a)). Next, we also used gefitinib-induced PC9 drug-
resistant cells (PC9-GR) to study the effect of targeting USP24
induced autophagy on inhibiting drug resistance acquired by
targeted therapy (Fig. 4F(b), Supplementary Fig. 3A, B). The data
indicated that gefitinib, USP24-i, Baf-A1, chloroquine (CQ), USP24-i
+ Baf-A1, and USP24-i + CQ treatment did not lead to cell death.
Gefitinib and USP24-i cocktail treatment significantly induced cell
death but abolished this effect by inhibiting autophagy with Baf-
A1 or CQ treatment, suggesting that targeting USP24-induced
autophagy is essential for the effect of USP24-i on blocking drug
resistance acquired by targeted therapy. In addition, we studied
the effect of rapamycin-induced autophagy on blocking drug
resistance (Supplementary Fig. 3C, D). The data indicated that,
similar to USP24-i treatment, rapamycin-induced autophagy also
increased the cytotoxicity of Taxol- or gefitinib-treated drug-
resistant A549-T24 and PC9-GR lung cancer cells (Supplementary
Fig. 3C, D). In addition, rapamycin-induced autophagy was also
essential for the effect of USP24 in inhibiting the drug resistance
to Taxol and gefitinib (Supplementary Fig. 3C, D). In summary,
targeting USP24-induced autophagy is important for blocking
drug resistance acquired by chemotherapy and targeted therapy.

USP24 functional knockout inhibits drug resistance in drug
resistant mice with gefitinib-induced EGFRL858R lung cancer
Recently, we successfully constructed a drug resistant animal
model (Fig. 5). Doxycycline in the drinking water was drank by the
mice to form a complex with scgb101-triggered rTA in the lung,
thereby was recruited to the promoter of EGFRL858R to express
EGFRL858R, resulting in lung cancer formation [34]. We used the
body weight of mice and the signal of microcomputed
tomography (micro-CT) to monitor the tumor size under gefitinib
longtime treatment. We also constructed USP24 functional
knockout mice by CRISPR/Cas9, USP24C1695A (Supplementary Fig. 1).
Here, we used EGFRL858R*USP24WT and EGFRL858R*USP24C1695A mice
to study the role of USP24 in the drug resistance of lung cancer
acquired by gefitinib treatment (Fig. 5). The body weight of the
mice was monitored every week until that the body weight did
not increase after gefitinib injection (15 mg/kg, i.p.), implying that
gefitinib is not effective (Fig. 5A). Before sacrifice, the tumors in
mice were detected by micro-CT (Fig. 5B). The data indicated that
there was no signal found in the RO-treated wild-type and USP24
knockout mice (#1 and #7 mice), indicating that no tumors were in
the lung. Doxycycline treatment dramatically increased the signal
in the lungs of the wild-type and USP24 knockout mice,
suggesting that doxycycline successfully induced tumors in the
lung of the EGFRL858R*USP24WT (#2 and #3 mice) and EGFRL858-
R*USP24C1695A (#8 and #9 mice) mice. Furthermore, after 172 days
of gefitinib treatment, a partial signal was found in the
EGFRL858R*USP2WT mice (#4, #5 and #6 mice) but not in the
EGFRL858R*USP24C1695A mice (#10, #11 and #12 mice), suggesting
that loss of USP24 inhibits targeted therapy-induced acquired
drug resistance (Fig. 5B(a)). We also used Image J software to
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quantitate the air volume in the lungs of the various mice
(Fig. 5B(b)). The data indicated that the air volume in the lungs of
doxycycline-induced EGFRL858R*USP24WT mice and EGFRL858-
R*USP24C1695A mice was 60% and 81% respectively after 175 days
gefitinib treatment, indicating that loss of USP24 inhibits gefitinib-
induced drug resistance (Fig. 5B(b)). After sacrifice of mice, the
lung pathology was studied (Fig. 5C). The data indicated that the
tumor area in the gefitinib-induced EGFRL858R*USP24C1695A drug-
resistant mice was inhibited compared with that in the gefitinib-

induced EGFRL858R*USP24WT drug-resistant mice, indicating that
USP24 promotes drug resistance acquired during cancer therapy
(Fig. 5C, upper panel). In addition, fiber and collagen analysis by
Masson trichrome staining indicated that collagen (blue) was
decreased in the gefitinib-induced EGFRL858R*USP24C1695A drug
resistant mice compared to gefitinib-induced EGFRL858R*USP24WT

drug resistant mice, implying that USP24 might be involved in
extracellular matrix (ECM) modelling during cancer therapy
(Fig. 5C, lower panel).
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Systemic gene expression profiling in the EGFRL858R*USP24WT

and EGFRL858R*USP24C1695A mice with gefitinib treatment until
drug resistance was performed with RNA-Seq. (Fig. 5D–G). The
data indicated that 419 genes were downregulated, and 274
genes were upregulated in the lung tumors of the EGFRL858-
R*USP24C1695A mice compared to the EGFRL858R*USP24WT mice
(Supplementary Fig. 5). After analysis of these genes, as shown by
the DEG DO Dotplot, loss of USP24 enzyme activity was
significantly involved in several diseases, including hematopoietic
system disease, non-small cell lung carcinoma, lung adenocarci-
noma, myeloid leukemia, myositis and so on (Fig. 5D and Fig. 5E),
suggesting that USP24 is really involved in drug resistance during
cancer therapy. By using GO enrichment to study the involved
pathways, we found that many genes related to leukocyte
migration, cell–cell adhesion, cell proliferation, cell differentiation
and so on were regulated by USP24 under drug resistant
conditions (Fig. 5F). In addition, the DEG Each Ontology GO
Barplot addressed the related pathways (Fig. 5G). The data
indicated that migration, mitochondrial inner membrane, ion
transportation and fatty acid synthesis and son on were regulated
by USP24 (Fig. 5G). Thus, loss of USP24 enzyme activity inhibits
gefitinib-induced drug resistance by regulating the expression of
genes involved in cancer, ECM and other cells around cancer cells.

PD-L1 and ABCG2 upregulation in drug-resistant lung cancer
cells was regulated by USP24
Our drug-resistant lung cancer animal model (Fig. 5) not only had
cancer cells but also had an intact tumor-associated microenvir-
onment (TAM). Because immune therapy is important for cancer
therapy, our animal models are highly suitable for studying the
interaction between cancer cells and TAMs. First, we found that
the level of PD-L1 was increased in the gefitinib-induced drug-
resistant mice (Fig. 6A). In addition, the protein level of PD-L1 was
also significantly increased in PC9-GR cells compared to PC9 cells
(Fig. 6B(a) and Fig. 6B(b)) but was decreased in the mRNA level
(Fig. 6B(c)). Targeting USP24 by USP24-i in PC9-GR cells decreased
the level of PD-L1 (Fig. 6C). Knockdown of USP24 in PC9 and PC9-
GR cells significantly decreased the level of PD-L1 (Fig. 6D).
Because our previous studies also found that USP24 stabilizes
ABCG2 in drug-resistant cells [3], herein, we found that ABCG2
protein levels were significantly increased after inhibition of
autophagy by bafilomycin-A1 (Baf-A1), but was decreased under
USP24-i treatment, suggesting that USP24-i-induced autophagy is
critical for decrease in PD-L1 (Fig. 6E). In addition, the level of PD-
L1 was increased in PC9-GR compared to PC9 but can be inhibited
under USP24-i treatment. We found that the PD-L1 level was
significantly decreased in the doxycycline-induced EGFRL858-
R*USP24C1695A drug-sensitive and drug-resistant mice compared
to that in the doxycycline-induced EGFRL858R*USP24WT drug-
sensitive and drug-resistant mice respectively, suggesting that
USP24 can stabilize PD-L1 in lung cancer mice, which is involved
in drug resistance during cancer therapy (Fig. 6F). However, Baf-A1

treatment can reverse this effect of USP24-i, indicating that
targeting USP24-induced autophagy is involved in the degrada-
tion of PD-L1 and ABCG2 (Fig. 6G). Studying the protein stability of
PD-L1 found that the protein stability of PD-L1 was decreased in
USP24-i-treated PC9-GR cells, but can be rescued by Baf-A1
treatment, indicating USP24-i-induced autophagy increases PD-L1
degradation (Fig. 6H). Interestingly, we found that USP24 can
interact with PD-L1 in interphase and mitotic cells, implying that
USP24 may stabilize PD-L1 in cancer drug-resistant cells PC9-GR
(Fig. 6I(a)) and A549-T24 cells (Fig. 6I(b)). USP24-i treatment in PC9-
GR cells increased the ubiquitination signal of PD-L1 (Fig. 6J). The
in vitro enzyme assay of purify recombinant USP24 protein was
used to study the ubiquitination of PD-L1 (Fig. 6K). The data
indicated that USP24 decreased the ubiquitination signal of PD-L1,
suggesting that PD-L1 is the substrate of USP24 (Fig. 6K). In
summary, USP24-i targeting USP24 activates autophagy to
promote the degradation of ABCG2 and PD-L1, leading to the
inhibition of drug resistance acquired from lung cancer therapy.

Targeting USP24 by USP24-i-101 inhibits drug resistance
in vivo
Our previous studies identified a specific USP24 inhibitor,
NCI677397, which can inhibit the drug resistance of cancer
acquired by Taxol treatment [3]. To evaluate the binding site of
this inhibitor, we attempted to investigate the protein structure of
USP24 complexed with USP24-i by using cryo-EM single particle
analysis. After acquisition of 2,921 micrographs for the purified
recombinant USP24, the particle images were selected and
clustered for 2D classification and 3D structure reconstitution
(Fig. 7A(a) and Fig. 7A(b)). However, the current resolution of the
constructed map is only 9.9 Å, which is not sufficient to reveal the
ligand binding site in detail. In contrast, the Alphafold-predicted
structure of USP24 revealed a ring-shaped conformation that was
similar to the cryo-EM map, suggesting the accuracy of this
predicted model. Therefore, we used a structure modelling
strategy to investigate the molecular interaction between USP24
and USP24 inhibitors. The binding site of the USP24 model was
identified according to the structural alignment with USP7
complexed with its inhibitor (Fig. 7B(a)). Compound 677397
(USP24-i) was prepared by protonation in aqueous solution.
Molecular docking was performed using LeadIT and generated
poses for analysis. The score for binding affinity between USP24
and USP24-i analogues was estimated by using a hybrid enthalpy/
entropy approach with default scoring parameters. We calculated
the docking score for a series of USP24-i analogues obtained by
using AI deep learning in previous study. The results indicated that
only one analogue, 677-8 (USP24-i-101), had higher binding
affinity with the catalytic motif of USP24 than NCI677397
(Fig. 7B(d)). The docking posture shows that the catalytic triad of
USP24 interacts with 677-8 through hydrogen bonds, which may
result in blocking its hydrolytic activity (Fig. 7B(c)). Therefore, we
further examined the potency of this optimized USP24-i analogue

Fig. 4 Targeting USP24 induces autophagy to inhibit drug resistance acquired lung cancer drug resistance. A USP24 was knocked down
by lenti-shUSP24 virus in A549 and Taxol-induced drug-resistant A549 cells (A549-T24). The genomic mutation profiles were studied by whole
genome sequencing (WGS). B USP24 was silenced by lenti-shUSP24 virus in A549 cells with ion irradiation. Cell extracts were harvested at 0 h,
0.5 h, 1 h, 2 h, 8 h and 24 h after irradiation to study the levels of the indicated proteins with IB (a), and the level of γ-H2AX was quantified after
three independent experiments (b). C GFP-USP24 was expressed in A549 cells for 1 day, 2 days and 3 days, and the chromosome separation
defect in anaphase was studied by IF (a), and the separation defect was quantified after three independent experiments (b). D GFP and GFP-
USP24 were expressed in A549 cells, and the cells arrested in G2/M phase were studied by flow cytometry (a). A549 cells were arrested at G2/M
by nocodazole treatment, and mitotic progression was then studied with or without 10 nM of the autophagy inhibitor bafilomycin-A1 (Baf-A1)
by flow cytometry (b). E A549 cells were synchronized in G2/M phase by 100 ng/ml nocodazole with or without bafilomycin-A1 (Baf-A1)
treatment. The chromosome segregation defect, chromatin bridge, micronucleus and segregation defect, were studied by IF (a), and the
chromosome separation defect was quantified after three independent experiments (b). F Taxol-induced drug-resistant A549 cells (A549-T24)
(a) and gefitinib-induced drug resistant PC9 cells (PC9-GR) (b) were treated with 24 nM Taxol or 5 μM gefitinib with or without 5 μM USP24-i
and 10 nM Baf-A1 or 5 μM chloroquine (CQ). Cytotoxicity was studied by cell counting. After three independent experiments, the data were
quantitated, and statistical analysis was performed with a t test; *p < 0.05, **p < 0.01, ***p < 0.005.
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with a cytotoxicity assay. The USP24 inhibitors, 677397 (USP24-i)
and 677-08 (USP24-i-101), were used to study the cytotoxic effect
of Taxol on A549-T24 cells (Fig. 7C). The data indicated that
USP24-i-101 is better than USP24-i in the inhibition of drug
resistance in Taxol-induced drug resistant A549 cells (A549-T24)

(Fig. 7D(a)) and gefitinib-induced drug resistant PC9 cells (PC9-GR)
(Fig. 7D(a)) through a synergistic effect manner (CI < 1, Fig. 7D(b)).
Next, we used USP24-i-101 to study the effect of targeting USP24

on drug-resistant EGFRL858R mice with lung cancer induced by
gefitinib treatment for a long time (217 days) (Supplementary Fig. 6,
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Fig. 5 USP24 functional knockout inhibits drug resistance in mice with EGFRL858R lung cancer induced by gefitinib treatment by regulating
gene expression involved in lung cancer progression and drug resistance during drug resistance in vivo. A EGFRL858R*USP24WT and
EGFRL858R*USP24C1695A mice were treated with 10mg/l doxycycline in the drinking water for 6 weeks, and then treated with gefitinib for a long
time. Tumor growth in vivo was studied by body weight every week (A) and micro-CT (B (a)). The micro-CT signal was quantitated by CTAn
software from Bruker (B (b)). After sacrifice, the pathology in the lung organs was studied by H&E staining (C, upper panel), and the fibrosis
(deep red) and collagen (blue) were studied by Masson’s trichrome staining (C, lower panel). Total RNA specimens were isolated from the
lungs of gefitinib-induced EGFRL858R*USP24WT and EGFRL858R*USP24C1695A drug resistant mice to study the gene expression profile by RNA-Seq
(EGFRL858R*USP24C1695A/ EGFRL858R*USP24WT). (D). Heatmap (E). DEG Down DO Dotplot (F). Top 20 ALL GO enrichment (G). DEG Down Each
Ontology Top 10 GO Barplot. The statistical analysis was performed by one way ANOVA.
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Fig. 7E and Fig. 8D). Body weight and lung micro-CT were used to
monitor the effect of gefitinib during therapy (Supplementary
Fig. 6A, Supplementary Fig. 6B, Fig. 7D). After short-term gefitinib
treatment, the body weight of the mice was increased, and the
tumor signal of micro-CT in the lung organs was nearly abolished
compared to that of the mice with doxycycline-induced lung cancer
(Supplementary Fig. 6A, B and Fig. 7D), suggesting that gefitinib
was able to kill tumor cells at the initiation of treatment. After
treatment for a long time (217th day), body weight of the mice
treated with gefitinib only did not increase again (green arrow), and
the tumor signal of lung micro-CT in the gefitinib-treated mice was
slightly higher than that with the cocktail treatment of gefitinib and
USP24-i-101 (Supplementary Fig. 6A, Supplementary Fig. 6B and
Fig. 7D (b)). After sacrificing these mice, we found that the tumor
area in the gefitinib-treated mice was slightly greater than that in
the gefitinib/USP24-i-101-treated mice, implying that USP24-i-101
treatment may inhibit or delay the drug resistance during gefitinib
treatment (Fig. 7E (a), Fig. 7E(b) and Fig. 7E(c)). In addition, the LC3-II
levels in the gefitinib/USP24-i-101-treated mice was higher than
that in the gefitinib-treated mice, implying that targeting USP24-
mediated activation of autophagy may be involved in inhibiting
drug resistance in vitro and in vivo (Fig. 7E (d)). Several related
proteins, PD-L1, ABCG2, USP24 and CD3, were decreased, but LC3-II
was increased in the EGFRL858R*USP24C1695A mice (Fig. 8A and
Fig. 8B). The levels of USP24 and PD-L1 in lung tumors of lung
cancer patients indicated that a partially positive correlation
between USP24 and PD-L1 (Fig. 8C). High PD-L1 expression was
found only in 4 cases of 29 lung cancer patients (13.8%) (Fig. 8C(b)
and Fig. 8C(c)), and all the 4 patients with higher PD-L1 expression
had higher USP24 expression (Fig. 8C(b) and Fig. 8C(c)). However,
many cases with higher USP24 expression still have low PD-L1
expression, indicating that other unknow factor(s) are also essential
for the regulation of PD-L1 during lung cancer progression.

DISCUSSION
Targeting USP24 by USP24-i-101 induces autophagy in interphase
and mitosis by inhibiting E2F4 and TRAF6, respectively, thereby
inhibiting the expression of ABCG2 and PD-L1 and maintaining
genomic integrity, resulting in the inhibition of drug resistance
acquired by gefitinib- or Taxol-treatment of lung cancer (Fig. 8D).
In this study, we found that targeting USP24 by USP24-i-101,

silencing USP24 by shRNA-USP24 or knockout by CRISPR-Cas9 can
induce autophagy in vitro and in vivo. After analysis of all Atg
proteins in the USP24-i-treated cells, we found no significant
difference. However, we found that the ULK and LC3 gene

expression was regulated by USP24-mediated E2F4 and E2F1 in
interphase, and beclin-1 levels were increased by a decrease in
TRAF6 levels in mitosis. USP24 has been reported to inhibit
autophagy in neurons by increasing the degradation of ULK1 to
repress the human induced-pluripotent stem cell (iPSC) differ-
entiation into dopaminergic neurons, which is involved in
Parkinson’s disease (PD) [35]. In this study, we found that
targeting USP24 by USP24-i-101 can dramatically induce autop-
hagy through upregulation of ULK1, LC3 and ULK phosphorylation
at Ser555 in lung cancer to negatively regulate drug resistance.
Because autophagic inhibition was found in most neurodegen-
erative diseases, such as Parkinson’s disease (PD) and Alzheimer’s
disease (AD), the specific USP24 inhibitor, USP24-i-101, might be
also work to prevent PD and AD, which needs to be clarified in the
future [36]. In addition, we found that USP24-i treatment
dramatically induced autophagy, but only slightly activated
autophagy through silencing USP24 by shRNA. One possibility is
that USP24-i-101 treatment can rapidly inhibit all USP24 activity,
but this activity is only partially silenced by shRNA, and this
process requires 2-3 days. The other possibility is that USP24-i-101
not only inhibits USP24 but also other similar USPs, which induce
polyubiquitin signaling, thereby dramatically inducing autophagy
[37]. According to previous studies, autophagy is induced under
stress conditions such as starvation [38]. Several kinds of
autophagy have been found to respond to different stress
conditions [39], including macroautophagy, microautophagy,
lipophagy, chaperone-dependent autophagy and ubiquitin-
dependent autophagy [40]. Because USP24 is a deubiquitinase,
targeting USP24-induced autophagy might be ubiquitin-mediated
autophagy. According to the previous studies, several USPs are
also involved in autophagy [21]. USP20 induces autophagy by
stabilizing ULK1 [41]. In addition, USP19 induces autophagy
through deubiquitination of beclin1 [42]. USP10 and USP13 can
deubiquitinate polyubiquitinated beclin-1 to induce autophagy
[43]. USP8 keeps Parkin, a VDAC1 E3 ligase, in its active form to
induce mitophagy [44, 45]. USP15, USP30 and USP35 inhibit
mitophagy by removing the ubiquitin signal from Parkin targets
[46–48]. USP10 also stabilizes p53 to elicit a balanced breakdown
of beclin1, resulting in the inhibition of autophagy [49]. Most of
previous studies indicate that appropriate autophagy is related to
pro-survival response, but excessive autophagy and impaired
lysosomal activity may be involved in autophagy-dependent
ferroptosis [50–52]. In addition, p62/SQSTM1 is not only involved
in autophagy, but also involved in select autophagy-mediated
lipid peroxidation, thereby inducing ferroptosis [53, 54]. In this
study, we found that the signal of autophagy by USP24-i was

Fig. 6 Several drug resistance-related proteins are upregulated in drug resistant mice. A, B The level of PD-L1 in doxycycline-induced
EGFRL858R lung cancer mice with or without gefitinib-induced drug resistance (A (a) and (b)) and in PC9 and PC9-GR (gefitinib resistant cells)
(B, (a) and (b)) were studied by IB with anti-PD-L1 antibody, and the level of PD-L1 was quantified and statistical analysis by one way ANOVA
(A (b)) or by t-test assay (B (b)). The mRNA levels of PD-L1 in PC9 and PC9-GR cells were studied by qPCR (B(c)). C–E. PC9 and PC9-GR cancer
cells were treated with various doses of USP24-i for 24 h with or without 10 nM bafilomycin A1 (Baf-A1) treatment (C, E) or knockdown of
USP24 with lenti-shRNA-USP24 viruses for 3 days (D), and the levels of ABCG2, USP24, LC3-II and PD-L1 were studied by IB (D(a)), and the level
of PD-L1 was quantified after three independent experiments (D(b)). F The level of PD-L1 in mice with doxycycline-induced EGFRL858R*USP24WT

and doxycycline-induced EGFRL858R*USP24C1695A lung cancer mice with or without gefitinib-induced drug resistance was measured by IHC with
anti-PD-L1 antibodies (a) and were quantified with scoring the signal of PD-L1 (no expression = 0, low expression = 1, intermediate
expression = 2, high expression = 3) (b). G USP24 stabilizes PD-L1 in cancer drug resistance. PC9 and PC9-GR cancer cells were treated with
various doses of USP24-i for 24 h with or without 10 nM bafilomycin A1 (Baf-A1) treatment. The level of PD-L1 was studied by IB with anti-PD-
L1 antibodies (a), and the level of PD-L1 was quantified after three independent experiments (b). All the experiments were performed at least
three times, and then, the quantitation and statistical analysis were performed by a t test; *p < 0.05, **p < 0.01. H PC9-GR cells treated with
cycloheximide and Baf-A1 and collected the samples at indicated times for studying the level of PD-L1 by IB with anti-PD-L1 antibodies (a),
and the level of PD-L1 was quantified after three independent experiments (b). I PC9-GR cells (a) and A549-T24 cells (b) with or without
nocodazole treatment were harvested to study the interaction of USP24 and PD-L1 by IP with anti-USP24 antibodies and IB with anti-PD-L1
antibodies. J Cell extracts harvested from PC9-GR cells with or without 5 μM USP24-i treatment in the presence of 10 μM MG132 were used to
study the ubiquitination of PD-L1 by IP with anti-PD-L1 and IB with anti-Ubiquitin antibodies. K The in vitro enzyme assay was studied by
using purify USP24 recombinant protein and PD-L1 from PC9-GR cells by IP with anti-PD-L1 antibodies. All the experiments were performed at
least three times, and then, the quantitation and statistical analysis were performed by a t test; *p < 0.05, **p < 0.01, ***p < 0.005.
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higher than that by rapamycin. In addition, the level of p62/
SQSTM1 was increased, not decreased, by USP24-i treatment,
implying USP24-i targeting USP24 inhibits drug resistance might
be through inducing p62/SQSTM1-mediated select autophagy-
dependent ferroptosis. However, the detail mechanism of how
USP24 involved in select autophagy needs to be clarified in the
future. Our previous study also revealed that USP24 can stabilize

p53 in lung cancer cells [55], which is consistent with the
induction of autophagy by targeting USP24 with USP24-i-101.
Most of studies indicate that autophagy is induced in interphase
in response to stress conditions, and only a few reports have
revealed that autophagy is also induced during mitosis [56]. In this
study, we found that USP24 downregulation in mitosis might be
related to the induction of autophagy by destabilizing TRAF6,
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which is the E3 ligase of beclin-1, thereby maintaining genomic
integrity. LC3-I and LC3-II were significantly increased in mitosis,
implying that the enzyme activities of ATG4 and ATG7 might be
increased during the mitotic period, According to previous
studies, ATG4 phosphorylation at Ser383 and Ser392 could
activate these enzymes [57]. In addition, the interaction between
ATG7 and ATG3 can activate ATG7 [58]. The interaction and post-
translational modification of ATG4 and ATG7 during mitosis will be
studied in the future. According to the previous studies, most
organelles will be repurposed to allow the correct distribution of
all chromosomes during mitosis [59]. Most studies on the role of
autophagy in mitosis have focused on genomic integrity. The role
of autophagy during mitosis is diverse. Some studies indicate that
autophagic induction during mitosis promotes genomic instabil-
ity, but others reveal that it can maintain the genome integrity
[60, 61]. Based on the different situations, the role of autophagy
may be different. In addition, CDK1 and AMPK have been reported
to be involved in triggering autophagy in mitosis [62], but the
detailed signaling pathways of autophagic induction during
mitosis need to be clarified in the future.
Many factors, such as genomic instability and ABC transporters,

cause drug resistance [63], which is currently a clinical emergency
issue. A number of previous studies on the relationship between
drug resistance and autophagy have been performed [64]. Some
studies support that autophagy positively regulates drug resis-
tance; others suggest that it inhibits drug resistance [65]. In this
study, targeting USP24 induced autophagy was essential for
blocking drug resistance acquired by Taxol or gefitinib treatment
in vitro and in vivo through a decrease in ABCG2 levels and
genomic instability, which can inhibit drug pumping out of cells
and clonal selection for drug resistance [3]. We not only studied
the role of USP24 in cancer cells, also studied it by using lung
cancer animal model, EGFRL858R, treated with gefitinib and USP24-
i-101 for a long time. In addition, we used USP24 knockout mice,
USP24C1695A*EGFRL858R, to study the role of USP24 in drug
resistance acquired by gefitinib. All the data indicated that
USP24 may positively regulated drug resistance acquired by
gefitinib treatment. However, whether USP24-i-101 is also
effective on other genomic types of lung cancer, such as KrasG12D

or other cancer types in vivo, needs to be clarified in the future. In
addition, we used gefitinib to induce drug resistance in mice to
evaluate the effect of targeting USP24 on blocking drug
resistance. USP24-i-101 may inhibit drug resistance acquired from
other targeted therapy drugs, such as erlotinib, osimertinib, and
afatinib, which needs to be addressed in the future.
In this study, we found that targeting USP24 by USP24-i-101 can

overcome Taxol- or gefitinib-induced drug resistance in lung
cancer. In addition, we found that USP24-i-101-induced autop-
hagy is essential for blocking drug resistance. We also studied the
level of the apoptosis marker cleaved caspase 3 in autophagy-
dependent cell death. However, the level of the cleaved form of

caspase 3 was not changed, indicating that it does not occur
through apoptosis. Several pathways are involved in autophagy-
mediated cell death [66]. First, autophagy only accompanies
the cell death process but is not involved in the cell death
pathway. Second, autophagy induction triggers apoptosis. Finally,
autophagy leads to cell death through a distinct mechanism that
is triggered independently of apoptosis [67]. In this study,
targeting USP24-induced autophagy caused cell death, which
could be inhibited by bafilomycin A1 or chloroquine treatment. In
addition, there was no change in the caspase 3 cleavage level.
Based on these results, targeting USP24-induced cell death occurs
in an autophagy-dependent but apoptosis-independent manner.
The detailed cell death signal pathway(s) triggered by targeting
USP24 need to be clarified in the future.
In addition to the gene expression involved in lung cancer

progression, other genes related to other pathways involved in
hematopoietic disease, dermatomyositis, leukocyte migration/cell-
cell adhesion/chemotaxis and fat cell differentiation might also be
related to USP24-mediated drug resistance. Compared to most of
the solid cancers, hematopoietic malignancies have more
abnormalities in T-cell development and differentiation [68]. Our
previous studies indicated that USP24 in macrophages can
regulate the tumor microenvironment to enhance lung cancer
progression [27], indicating that USP24 might also be critical for
the regulation of T-cell development and differentiation. The
detailed mechanism by which USP24 regulates T cells needs to be
addressed in the future. In addition, many genes related to cellular
adhesion, migration and chemotaxis were regulated by USP24,
which might be related to the ECM around tumors. In addition, as
shown in Fig. 5D, we found that collagen was downregulated in
EGFRL858R*USP24C1695A drug-resistant mice with lung cancer, which
is also related to the ECM. Our recent studies also indicated that
USP24 can regulate CD44, which is also involved in the ECM of
lung cancer [3]. Thus, USP24 may be not only important inside
cancer cells but also critical in other cells around cancer cells.
USP24 in other cells might also be important for lung cancer drug
resistance. Recently, immune therapy has been used in cancer
treatment. PD-1 in T cells can bind with PD-L1 in cancer cells,
leading to the inhibition of T cells [69]. Therefore, anti-PD1 or anti-
PD-L1 antibodies can block the interaction between T cells and
cancer cells, subsequently inducing an immune response and
resulting in cancer prevention [70]. Several studies have reported
that the overexpression of PD-L1 in cancer cells is related to drug
resistance [71]. In this study, we found that PD-L1 was highly
expressed in drug resistant mice, and also highly expressed in
PC9-GR cells, indicating that PD-L1 might be involved in drug
resistance through inactivation of Treg cells. In addition, previous
studies have indicated that autophagy is related to PD-L1 levels
[72]. In this study, targeting USP24-induced autophagy was related
to PD-L1 degradation in cancer cells. In summary, targeting USP24
not only regulates cancer cells themselves but also other cells

Fig. 7 Optimization of USP24-i and targeting USP24 in EGFRL858R lung cancer drug resistant mice. A The preliminary cryo-EM structure of
USP24 showed a molecular morphology consistent with the model predicted by Alphafold (a). Representative particle images after 2D
classification clustering (b). The reconstituted cryo-EM map shown in top view and side view (c). GSFSC plot showing that the map resolution
is 9.9 Å (d). B The Alphafold predicted model displayed in similar orientation as the cryo-EM map. The interaction between the catalytic motif
and USP24-I (a) and (c). The USP24-i and its analogues (b), and the score of the docking affinity score between the USP24 catalytic domain and
USP24 inhibitors (d). C A549-T24 cells were treated with Taxol and USP24 inhibitors, USP24-i and USP24-i-101, to study cell viability by cell
counting (a). HCC827 and its gefitinib drug-resistant cells, HCC827-GR, were treated with gefitinib and USP24-i to study the cytotoxicity of
gefitinib by cell counting (b), and the combination index (CI) and dose reduction index (DRI) were analyzed by CompuSyn software (c).
D EGFRL858R*USP24WT mice were treated with 10 mg/l doxycycline in the drinking water for 6 weeks, and then treated with gefitinib (20 mg/kg)
and USP24-i-101 (10mg/kg) for 217 days. Tumor growth in vivo was studied by micro-CT (a), and the volume of air in the lung was calculated
by CTAn software from Bruker (b). E After sacrifice, the pathology in the lung organs was studied by H&E staining, and the tumor area in the
lung tissues was quantitated (a) and (c), and the tumor area was studied by ImageJ (b). The level of LC3-II in the lung organs was studied by
IHC with anti-LC3-II antibodies (d). All the experiments were performed at least three times, and then, the quantitation and statistical analysis
were performed by a t test; *p < 0.05, **p < 0.01, ***p < 0.005.
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Fig. 8 The positive correlation between the levels of USP24 and PD-L1 in animal and clinical specimens. The relevance among prognosis
and several related proteins, including E2F4, E2F1, LC3-II, ULK1, ABCG2, PD-L1 and CD3 in EGFRL858R*USP24WT and EGFRL858R*USP24C1695A drug
resistant mice was studied by IHC (A) and IB (B(a)), and then the levels of the indicated protein were quantitated after three independent
experiments (B(b)). C The levels of PD-L1 and USP24 in clinical lung cancer patients were studied by IHC with anti-PD-L1 and anti-USP24
antibodies (a), and the correlation of USP24 levels and PD-L1 levels in early-stage of lung cancer (b), and late-stage of lung cancer (c) was show
here. D The working model of how targeting USP24 prevents drug resistance during lung cancer therapy. The statistical analysis was
performed by one way ANOVA; **p < 0.01, ***p < 0.005.
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around cancer cells to inhibit drug resistance acquired by cancer
therapy.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

DATA AVAILABILITY
The datasets generated and/or analyzed during the current study are available from
the corresponding author on reasonable request.
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