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USP28 promotes tumorigenesis and cisplatin resistance
by deubiquitinating MAST1 protein in cancer cells
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Abstract

Cisplatin is a chemotherapy drug that causes a plethora of DNA lesions and inhibits DNA transcription and replication, result-
ing in the induction of apoptosis in cancer cells. However, over time, patients develop resistance to cisplatin due to repeated
treatment and thus the treatment efficacy is limited. Therefore, identifying an alternative therapeutic strategy combining
cisplatin treatment along with targeting factors that drive cisplatin resistance is needed. CRISPR/Cas9 system-based genome-
wide screening for the deubiquitinating enzyme (DUB) subfamily identified USP28 as a potential DUB that governs cisplatin
resistance. USP28 regulates the protein level of microtubule-associated serine/threonine kinase 1 (MAST1), a common kinase
whose expression is elevated in several cisplatin-resistant cancer cells. The expression level and protein turnover of MAST1
is a major factor driving cisplatin resistance in many cancer types. Here we report that the USP28 interacts and extends the
half-life of MAST1 protein by its deubiquitinating activity. The expression pattern of USP28 and MAST1 showed a positive
correlation across a panel of tested cancer cell lines and human clinical tissues. Additionally, CRISPR/Cas9-mediated gene
knockout of USP28 in A549 and NCI-H1299 cells blocked MAST1-driven cisplatin resistance, resulting in suppressed cell
proliferation, colony formation ability, migration and invasion in vitro. Finally, loss of USP28 destabilized MAST1 protein
and attenuated tumor growth by sensitizing cells to cisplatin treatment in mouse xenograft model. We envision that targeting
the USP28-MAST] axis along with cisplatin treatment might be an alternative therapeutic strategy to overcome cisplatin
resistance in cancer patients.
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Introduction

The current strategies for treating cancer involve surgery,
chemotherapy and radiotherapy. Among them chemo-
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neoadjuvant, adjuvant and combination chemotherapies
[1]. The platinum-based drug cisplatin (cis-diaminedichlo-
roplatinum) is one of the most effective anti-cancer agents
and is a standard treatment for a wide range of cancer types
[2-4]. Cisplatin goes through a process called aquation
during which cisplatin becomes highly reactive where one
or two chlorides in cisplatin will be replaced with water
molecule inside the cell. In this process, intrastrand DNA
crosslinks between two purine bases on the same strand are
the major DNA lesions, accounting for over 90% of the cis-
platin-induced lesions. Nevertheless, interstrand crosslinks
between two purine bases on the opposing strand are the
minor DNA lesions account for less than 5% of the cispl-
atin-induced lesions [35, 6]. Cisplatin-induced DNA adducts
results in long-term DNA damage response and eventually
induce massive cell death and activates apoptotic pathway
[7]. Despite its ability to kill tumor cells, repeated treat-
ment with cisplatin can lead to acquisition of intrinsic and
acquired resistance, which limits its clinical use [§-10]. To
resist the cisplatin therapy, cells must eliminate or toler-
ate the cisplatin-induced DNA lesions in a variety of ways,
including enhancing drug efflux, lowering drug uptake, or
triggering drug detoxification through covalent binding to
metalloproteins or glutathione [11-14]. Therefore, a new
strategy to overcome this limitation is essential to effectively
treat patients who acquire cisplatin resistance.

A combination of cisplatin and targeted factors that drive
cisplatin resistance can be used to combat acquired resist-
ance in many cancers. Several protein kinases such as RSK
[15], SRPK1 [16], and MKP-1 [17] were shown to partici-
pate in the cisplatin-resistance mechanism that allows can-
cer cells to escape from cisplatin cytotoxicity. Microtubule-
associated serine/threonine-protein kinase 1 (MAST1) was
recently reported as a key driving factor in the development
of cisplatin resistance in many cancer types [18]. MAST1
expression was high in cisplatin-resistant primary tumors
from patients under cisplatin-based treatment. The combi-
nation of cisplatin treatment with lestaurtinib, a MAST1
inhibitor, potentially inhibited MAST1 kinase activity and
sensitized several cancer types to cisplatin [18-20]. To
develop a new strategy to overcome cisplatin resistance, we
recently performed genome-wide screening for deubiquit-
inating enzymes (DUBs), and the results showed that DUBs
promotes MAST1 protein stabilization by regulating its pro-
tein abundance in cisplatin-resistant cancer cells [21].

DUBs have emerged as key regulators of DNA damage
and are critical in the development of drug resistance in
many cancers [22]. In our recent study, we down-regulated
genome-wide DUBs by CRISPR/Cas9 system and identified
potential DUBs that enhance cisplatin-mediated cytotoxic-
ity and induce cell death in cisplatin-resistant cancer cells
[21]. USP28 was emerged as one of the potential candidates
involved in cisplatin resistance [21]. USP28 exhibits diverse
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biological functions including cellular proliferation, apop-
tosis, DNA damage repair and oncogenesis [23]. During
DNA damage, the catalytic activity of USP28 is increased
due to the phosphorylation of USP28 by the kinase ATM
[24]. A recent study reported that the inhibition of USP28 by
specific inhibitors suppresses its enzymatic activity, thereby
sensitizing cisplatin-resistant cancer cells to cisplatin treat-
ment [25].

In this study, we investigated the molecular mechanism
by which USP28 regulates MAST1 protein abundance dur-
ing acquisition of cisplatin resistance. We demonstrated that
USP28 interacts and regulate MAST1 protein stabilization
in cisplatin-resistant cancer cells. USP28 deubiquitinates
MAST1 protein and extends its half-life. We further dem-
onstrated that knockout of USP28 in cisplatin-resistant can-
cer cells suppressed cell proliferation, migration, invasion
and colony formation ability. Additionally, loss of USP28
attenuated tumor growth in a mouse xenograft model. Thus,
we envision that inhibiting the regulation of MAST1 protein
abundance by USP28 in cisplatin-resistant cancer cells may
be effective alternative therapeutic strategy to overcome cis-
platin resistance in cancer patients.

Materials and methods
Cell culture and transfection

HEK?293 (KCLB: 21573), HeLa (KCLB:10002), A549
(KCLB: 10185) and H1299 (KCLB: 25803) cells were main-
tained in DMEM (Gibco BRL, Rockville, MD, USA) sup-
plemented with 10% fetal bovine serum (FBS; Gibco) and
1% penicillin and streptomycin (Gibco) at 37 °C in a humidi-
fied atmosphere with 5% CO,. The cells were passaged every
3—4 days. Cells at 60-80% confluence were transfected with
the indicated constructs using polyethyleimine (PEI) (Poly-
sciences, Inc. Cat no. 24765), Lipofectamine 3000 (Cat no.
L.3000001, Thermo Fisher Scientific) or Lipofectamine 2000
(Cat no. 11668019 Life Technologies), following the man-
ufacturers’ instructions. The cells were harvested 36—48 h
post transfection for further analysis.

Plasmids and sgRNAs

The Myc-MAST]1 plasmid was generated as described previ-
ously [21]. Briefly, the human MAST1 gene was amplified
from cDNA and cloned into the pPCDNA3 6XMyc-vector
using BamHI and Xbal restriction sites. Flag-tagged USP28
(Addgene #15665) and HA-tagged Ubiquitin (Addgene
#18712) plasmids were purchased from Addgene. The cata-
lytic mutant of USP28 was generated using site-directed
mutagenesis by substituting cysteine with alanine at position
171; the resultant vector was named Flag-USP28C171A.
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The plasmid encoding Cas9-2a-mRFP-2a-PAC (puromycin
N-acetyl-transferase puromycin resistance gene) and plas-
mid encoding sgRNAs were purchased from Toolgen (Seoul,
South Korea). To generate sgRNAs targeting potential DUB
candidates, sgRNA target sequences were designed using a
public tool (www.broadinstitute.org) and cloned into vec-
tors as described previously [26]. Briefly, oligonucleotides
containing the USP28 target sequence were synthesized
(Bioneer, Seoul, South Korea), and T4 polynucleotide kinase
was used to add terminal phosphates to the annealed oligo-
nucleotides (Bio-Rad, CA, USA). The vector was digested
using Bsal restriction enzyme and ligated with the annealed
oligonucleotides. The target sequences for the sSgRNAs tar-
geting USP28 are listed in Supplementary Table S1.

Antibodies and reagents

Mouse monoclonal antibodies against Flag (Anti-DDDDK-
tag, M185-3L, 1:1,000) were purchased from MBL Life
Science, and phospho-Histone H2AX (Ser139) (Merck,
05-636) was purchased from Millipore. Mouse monoclo-
nal antibodies against MAST1 (sc-373845, 1:50), H2AX
(sc-517336; 1:1000), c-Myc (SC-40, 1:1,000), ubiquitin
(sc-8017, 1:1,000), HA (sc-7392, 1:1,000), GAPDH (sc-
32233, 1:1000), normal mouse IgG (sc-2025, 1:1000),
MEKI (sc-219, 1: 1000), ERK1/2 (sc-514302, 1:1000),
p-ERK 1/2 (sc-81492, 1:1000), and BIM (H5) (sc-374358,
1:1000) were purchased from Santa Cruz Biotechnology.
Rabbit polyclonal antibodies against MAST1 (Cusabio CSB-
PA897529LA01HU, 1:1000), USP28 (Proteintech 17707-1-
AP, 1:1500) and 488/594-conjugated secondary antibodies
(Cat. no. A21207 and Cat. no. A21203, 1:200; Life Tech-
nologies) were used. p-MEK1 (Cat no. 9121, 1: 1000) and
cleaved PARP (D64E10, 1: 1000) were purchased from Cell
Signaling Technology.

IP lysis buffer (Cat. no. 87787; Thermo Fisher), cell
lysis buffer (Cat. no. R2002, Biosesang), protein 5X sam-
ple buffer (Cat. no. EBA-1052, Elpis Biotech), Protein A/G
Plus agarose beads (sc-2003, Santa Cruz Biotechnology),
protease inhibitor cocktail (Cat. no. 11836153001, Roche),
the protein translation inhibitor cycloheximide (CHX; Cat.
no. 239765, Merck), the proteasomal inhibitor MG132 (Cat.
no. S2619, Selleckchem), puromycin (Cat. no. 12122530,
Gibco), cisplatin (Cat no. P4394, Sigma-Aldrich), the DUB
inhibitor PR-619 (ab144641, Abcam), AZ1 USP25/28 inhib-
itor (Cat. no. 7845, Tocris), CCK-8 assay reagent (Dojindo
Molecular Technologies, MD, USA) and DAPI (Cat. no.
H-1200, Vector Laboratories) were purchased and used.

Cell viability assay for dose response curve

The relative viability of the cells post cisplatin treatment
was measured using a Cell Counting Kit-8 (CCK8; Dojindo,

Kumamoto, Japan). Cells were seeded in 96-well plates at
density of 1x10*s per well and were grown for 24 h. The
cells were treated with increasing concentration of cispl-
atin for 48 h. Later, 10 pL of CCK-8 assay solution was
added and incubated for 4 h. Absorbance was recorded
at 450 nm using spectrophotometer (Bio-Rad Laborato-
ries, Inc, Korea). IC5, and ICg, value of cisplatin in HeLa
(IC5y=06.3 pg/mL and ICq,—15 ug/mL), A549 (IC5,=3.5 ug/
mL and ICgy—-13 pg/mL) and H1299 (IC5;,=6.6 ug/mL and
I1Cq;—19.5 pg/mL) cells were calculated.

Generation of cisplatin resistance HelLa cell line

HeLa Cisplatin-resistant cells (HeLa-cisR) were derived
from their respective parental cell lines by gradual expo-
sure to cisplatin which is dissolved in 0.9% Saline (Sigma-
Aldrich, UK). Briefly, the HeLa cells were seeded at a den-
sity of 1 x 10° and subjected to stepwise increases upto 15 pg
of cisplatin/mL over a period of 6 months. The cisR cell
lines were grown as monolayer cultures and maintained in
the DMEM medium containing cisplatin (5 pg/mL) and sup-
plemented with 10% FBS (Gibco) and 1% penicillin and
streptomycin (Gibco) at 37 °C in a humidified atmosphere
with 5% CO.,.

T7 endonuclease 1 assay

Genomic DNA was isolated using DNeasy Blood & Tissue
kits (Promega, Madison, WI, USA) according to the manu-
facturer’s protocol. The region of DNA containing the nucle-
ase target site was PCR-amplified and denatured by heating
and annealed to form heteroduplex DNA, which was then
treated with 5 units of T7E1 (New England Biolabs, MA,
USA) for 15 to 20 min at 37 °C, followed by 2% agarose gel
electrophoresis. Mutation frequencies were calculated based
on band intensity using ImagelJ software and the following
equation: mutation frequency (%) =100 X (1 —[1 — fraction
cleaved]1/2), where the fraction cleaved was the total rela-
tive density of the cleavage bands divided by the sum of
the relative density of the cleaved and uncut bands. The
oligonucleotide sequences used for PCR amplification for
the T7EI assay are listed in Supplementary Table S2. The
PCR-amplicon sizes of the USP28 gene and the expected
cleavage sizes after the T7E1 assay are summarized in Sup-
plementary Table S3.

Real-time PCR

Total RNA was isolated using Trizol reagent (Favorgen,
Kaohsiung, Taiwan). The reverse transcription reaction was
performed using a SuperScript III First-Strand Synthesis
System (Life Technologies, USA) with an oligo-dT primer
according to the manufacturer’s protocol. Quantitative PCR
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was performed in triplicate using Fast SYBR Green I Master
Mix (Life Technologies) and a Step One Plus Real-Time
PCR System (Life Technologies). The oligonucleotide
sequences used for qRT-PCR are mentioned in Supplemen-
tary Table S4.

Generation of a USP28-knockout cell line using
CRISPR/Cas9

The single cell-derived USP28 KO clones were generated
using the CRISPR/Cas9 system as described previously
[27, 28]. A549 and H1299 cells were co-transfected with
a plasmid encoding Cas9 and sgRNA?2 targeting USP28 or
scrambled sgRNA (mock control) at a 1:2 ratio using Lipo-
fectamine 3000 Reagent or Lipofectamine 2000 reagent,
respectively, according to the manufacturer’s instructions.
Later, the cells were selected using puromycin (1 pg/mL) for
next 2 days. The puromycin-selected cells were seeded into
96-well plates at 25 cells/plate and incubated in a CO, incu-
bator at 37 °C. After 15 days, the wells were microscopically
evaluated and the single cell-derived colonies were selected.
The selected colonies were dissociated using trypsin—EDTA
and reseeded into 24-well cell culture plates. A small portion
of selected colonies was used to isolate genomic DNA and
screened for USP28 disruption by T7E1 assay. The T7EI
positive single cell-derived clones were expanded and stored
in a liquid nitrogen tank after Sanger sequencing. USP28
mRNA and protein levels in USP28-KO clones were deter-
mined by RT-PCR and western blotting, respectively. Cell
lines showing complete reduction in USP28 mRNA and pro-
tein levels were used for in vitro and in vivo experiments.

Immunoprecipitation

Cells were transfected with the indicated DNA constructs.
At 36-48 h post transfection, the cells were lysed in IP lysis
buffer (25 mM Tris—HCI (pH 7.4), 150 mM sodium chlo-
ride, 1 mM EDTA, 1% NP-40, 5% glycerol, 1 mM PMSF,
and protease inhibitor cocktail) for 20 min and the amount
of protein was estimated using Bradford reagent. Cell lysate
(2-3 mg) was immunoprecipitated using the indicated anti-
bodies at 4 °C overnight and then incubated with 35 pL of
protein agarose beads at 4 °C for 3 h. The agarose beads
were washed with lysis buffer and eluted in 2X SDS sample
loading buffer (5X SDS sample loading buffer containing 4%
SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004% bromo-
phenol blue, and 0.125 M Tris—HCI [pH 6]). The eluted sam-
ples were boiled at 95 °C-100 °C for 5 min and separated on
SDS-PAGE gels by western blotting. Mouse IgG (ab-99697,
1: 10,000; Abcam) and rabbit IgG (CST-588028S, 1: 10,000;
Cell Signaling Technology) light chain-specific secondary
antibody was used to prevent interference from heavy and
light immunoglobulin chains in the binding assay.
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Tandem ubiquitin-binding entities assay

The ubiquitination status of MAST1 protein was determined
using a tandem ubiquitin binding entities (TUBEs) assay
(Cat. no. UM402, LifeSensors, PA, USA) as previously
described [29]. The mock control, USP28-KO A549 and
USP28-KO H1299 cells were pretreated with the protea-
some inhibitor MG132 (10 pM/mL) for 6 h to accumulate
polyubiquitinated MAST1 protein. Cells were lysed in IP
lysis buffer containing 150 mM sodium chloride, 1% Triton
X-100, 25 mM Tris (pH 7.5), 1 mM EDTA, 10% glycerol,
and protease inhibitor cocktail. The lysed protein extracts
were incubated with 20 uL of ubiquitin affinity matrices-
TUBE2 at 4 °C for 3 h with rotation. The beads were washed
with IP lysis buffer and samples were eluted in 30 uL 2X
SDS sample loading buffer (5X SDS sample loading buffer
containing 4% SDS, 20% glycerol, 10% 2-mercaptoethanol,
0.004% bromophenol blue, 0.125 M Tris—HCI (pH 6.8)).
The eluted samples were boiled at 95 °C-100 °C for 5 min,
separated by SDS-PAGE and analyzed by western blotting.

Deubiquitination assay

The DUB activity of USP28 against endogenous and exog-
enous MAST1 protein was determined in A549 and HEK293
cells, respectively. The cells were treated with MG132
(10 uM/mL for 6 h) 48 h post transfection and harvested.
The cells were lysed for 20 min in denaturing lysis buffer
containing 150 mM sodium chloride, 1% Triton X-100, 1%
sodium deoxycholate, 1% SDS, 50 mM Tris—HCI (pH 7.4),
2 mM EDTA, 1 mM PMSF, and protease inhibitor cock-
tail. Cell lysates (2-3 mg) were immunoprecipitated with
the respective antibodies at 4 °C overnight and incubated
with 35 pL of protein agarose beads for 2-3 h at 4 °C. The
agarose beads were washed with lysis buffer and samples
were eluted in 2X SDS sample loading buffer (5X SDS
sample loading buffer containing 4% SDS, 20% glycerol,
10% 2-mercaptoethanol, 0.004% bromophenol blue, and
0.125 M Tris—HCI [pH 6]). The eluted samples were boiled
at 95 °C-100 °C for 5 min, separated on SDS-PAGE gels
and analyzed by western blotting using anti-ubiquitin and
anti-HA antibodies. To avoid non-specific binding of poly-
ubiquitin molecules to MAST1 protein, the protein-bound
agarose beads were washed with lysis buffer containing
300 mM NaCl as previously described [30].

Immunofluorescence staining

A549 and H1299 cells were grown on glass coverslips and
incubated at 37 °C in a humidified atmosphere with 5%
CO,. The cells were washed with phosphate-buftered saline
(PBS, Gibco), fixed for 15 min using 4% paraformaldehyde
(PFA, Biosesang) and permeabilized in PBS containing
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0.1% Triton X for 5 min at room temperature. The cells were
washed, blocked in 3% bovine serum albumin and stained
with indicated primary antibodies overnight at 4 °C. The
next day, the cells were washed with PBS and incubated with
Alexa Fluor 488—conjugated secondary antibodies for 1 h.
The nuclei were stained with DAPI and cells were mounted
using VectaShield (Vector Laboratories, CA, USA). The
cells were then visualized and images were produced using
a Leica fluorescence microscope (Leica, DM 5000B; Leica
CTR 5000; Wetzlar, Germany).

Duolink proximity ligation assay (PLA)

The interaction between USP28 and MAST1 was observed
using a Duolink in situ proximity ligation assay (PLA) kit
(Cat. no. DUO92101, Sigma Aldrich) according to the man-
ufacturer’s instructions. A549 cells were fixed in 4% PFA for
10 min at room temperature and then blocked with block-
ing solution. The cells were treated with primary antibodies
targeting MAST1 and USP28 for 1 h at 37 °C, followed by
incubation with PLA probes for 1 h at 37 °C in a humidified
chamber. After three washes, ligation ligase solution was
added, and the cells were incubated for 30 min at 37 °C.
The slides were incubated for 100 min in an amplified poly-
merase solution at 37 °C in the dark. Finally, the cells were
stained with mounting medium containing DAPI. A Leica
fluorescence microscope was used to capture the fluores-
cence images (Leica, DM 5000B; Leica CTR 5000; Wetzlar,
Germany).

Immunohistochemistry (IHC)

Clinical tissue microarray slides of lung, colon and breast
tumors were purchased from ISU Abxis (Gyeonggi-do,
South Korea). Formalin-fixed, paraffin-embedded (FFPE)
tissue samples were processed and incubated with USP28 or
MAST1 antibody according to the supplier’s protocol. The
samples were counterstained with hematoxylin, dehydrated,
and mounted. The staining intensity was determined using
ImageJ IHC profiler, an open source plugin for quantification
and scoring of IHC images [31]. The staining was scored as
0 (no stain), + 1 (weak stain), + 2 (moderate stain) and + 3
(strong stain) based on the intensity of staining. The results
of multiplying the percentage of cells with staining intensity
values were added to calculate the H-score. The relationship
between the protein expression level of USP28 and MAST1
in different tissues was analyzed using non-parametric
Spearman correlation test in order to test the significance of
combined tissue IHC-expression.

Tumor tissue xenografts obtained from mice were fixed
with 4% PFA and embedded in paraffin. FFPE tissues were

then sectioned at a thickness of 5 um and stained with
USP28 and MAST1 following the manufacturers’ recom-
mendations. The mounted IHC tissue samples were visual-
ized and images were produced using a Leica DM5000 B
microscope (Leica, Germany).

Cell proliferation assay

A549 cells (mock control, USP28KO, USP28KO-recon-
stituted with USP28 or MAST1) and H1299 cells (mock
control, USP28KO, USP28KO-reconstituted with USP28 or
MAST1) were treated with either vehicle (saline) or cispl-
atin for 48 h. Next, 10 pL of CCK-8 assay reagent (Dojindo
Molecular Technologies, MD, USA) was added to each well,
and absorbance was measured at 450 nm using a spectropho-
tometer (Bio-Rad Laboratories, Inc., Korea). The concentra-
tions of cisplatin used for A549 and H1299 cells were 2 pg/
mL and 5 pg/mL, respectively.

Apoptosis assay

The Annexin-V/PI (Propidium Iodide) population was
detected using a BD FACSCanto II flow cytometer (BD
Biosciences, CA, USA). Briefly, A549 cells (mock con-
trol, USP28KO, USP28KO-reconstituted with USP28 or
MAST1) were treated with either vehicle (saline) or cisplatin
for 48 h. The cells were then harvested and washed twice
with PBS containing 10% FBS. The cells were counted,
and 5 pL of Annexin-V and PI (BD Pharmingen™ FITC
Annexin V apoptosis detection kit, Cat. no. 556547, BD
biosciences, San Diego, CA, USA) were added to cells,
followed by incubation for 15 min. The stained cells were
resuspended in binding buffer, and flow cytometry was per-
formed within 1 h.

Cell cycle analysis

Cell cycle analysis was performed by PI staining (BD Bio-
sciences). A549 cells (mock control, USP28KO, USP28KO-
reconstituted with USP28 or MAST1) and H1299 cells
(mock control, USP28KO, USP28KO-reconstituted with
USP28 or MAST1) were treated with vehicle or cisplatin
for 48 h and then harvested, washed twice with ice-cold PBS
containing 10% FBS, and fixed with ice-cold 70% ethanol.
The cells were resuspended in PI (50 pg/mL; Sigma) and
RNase A (200 pg/mL, New England Biolabs, MA, USA)
and subjected to FACS analysis (BD FACSCanto II, BD
Biosciences) to measure DNA content. Data were analyzed
using FACS Diva software (version 8, BD bioscience). Next,
10 pL of CCK-8 assay reagent (Dojindo Molecular Tech-
nologies, MD, USA) was added to each well, and absorbance
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«Fig. 1 USP28 regulates MAST1 protein levels. A Transfection of an
entire set of sgRNAS targeting individual USP subfamily genes along
with Cas9 nuclease into cisplatin-resistant HeLa cells (HeLa-cisR).
Transfected cells were treated with a sub-lethal dose (5 pg/mL) of
cisplatin. HeLa-cisR cells treated with saline served as the negative
control (vehicle) and cisplatin-treated HeLa-cisR cells co-transfected
with scrambled sgRNA and Cas9 served as the mock control. Cispl-
atin-induced cell death was estimated using a cell viability assay and
represented as a graph. Data are presented as the mean and standard
deviation of three independent experiments (n=3). B The USP28-
depleted cells were treated with an increasing concentrations of cis-
platin (5 pg/mL, 10 pg/mL, 15 pg/mL, 20 ug/mL and 25 pg/mL) for
48 h, and cell viability was measured. The ICs, values of cisplatin in
HeLa-CisR mock and USP28-sgRNA transfected cells were 6.32 pg/
mL and 3.97 pg/mL, respectively. C Schematic representation of the
sgRNAs targeting exon 2 of USP28 gene. The red arrowheads indi-
cate the positions of sgRNAs target site on the sense DNA strand.
PAM sequences are indicated in bold blue font; USP28 sgRNA
sequences are indicated in red font. D The validation of efficiency of
sgRNAs targeting USP28 by transient co-transfection with Cas9 in
HEK293 cells and immunoblotting with USP28 antibody. The protein
band intensities were estimated using Imagel software with reference
to the GAPDH control (USP28/GAPDH) and presented below the
blot. The effect of depleting USP28 on endogenous MAST1 protein
was estimated in HEK293 cells. E Validation of sgRNA efficiency
targeting USP28 gene by transient co-transfection with Cas9 and
sgRNAT or sgRNA?2 into HEK293 cells followed by a T7E1 assay to
determine the cleavage efficiency. The cleaved band intensity (indel
%) obtained by T7E1 assay was measured using ImageJ software and
indicated. Scrambled sgRNA transfected HEK293 cells were used
as a control cells. The black arrowhead indicates the cleaved PCR
amplicons. A549 cells were transfected with increasing concentra-
tions of F Flag-USP28 and G Flag-USP28CA to validate its effect
on endogenous MAST]1 protein levels. H The effect of reconstitution
of Flag-USP28 on endogenous MAST1 protein in USP28-depleted
A549 cells was validated. The protein band intensities for F-H were
estimated using Imagel software with reference to the GAPDH con-
trol band (MAST1/GAPDH) and presented below the blot. HEK293
cells were transfected with constant amount of Myc-MAST1 and
increasing concentrations of I Flag-USP28 and J Flag-USP28CA to
validate its effect on exogenous Myc-MAST1 protein levels. K The
effect of reconstitution of Flag-USP28 on Myc-MAST1 protein in
USP28-depleted HEK293 cells was validated. The protein band inten-
sities for I-K were estimated using Image]J software with reference
to the GAPDH control band (Myc-MAST1/GAPDH) and presented
below the blot

Soft agar assay

A549 cells (mock control, USP28KO, USP28KO-recon-
stituted with USP28 or MAST1) and H1299 cells (mock
control, USP28KO, USP28KO-reconstituted with USP28
or MAST1) were examined by colony formation assay.
Firstly, 1% agarose gel and 1X complete DMEM were
mixed at a ratio of 1:1 and plated onto 35 mm culture
dishes. The plates were then incubated overnight. Cells
resuspended in 0.75% agarose with DMEM (1:1 ratio)
were seeded at a density of 1 x 10* cells per well. The cells
were treated with vehicle or cisplatin every other day for
14 days. Crystal violet dye (0.01%) diluted in 20% metha-
nol was used to stain the anchorage-independent colonies,

and colonies were counted using a light microscope (IX71,
Olympus, Tokyo, Japan).

Wound healing assay

A549 cells (mock control, USP28KO, USP28KO-reconsti-
tuted with USP28 or MAST1) and H1299 cells (mock con-
trol, USP28KO, USP28KO-reconstituted with USP28 or
MAST1) were cultured to near 90% confluence. Scratches
were made in the monolayers with a sterile pipette tip. The
wounded cell layer was washed with PBS and plates were
incubated in medium containing either vehicle or cisplatin
at 37 °C with 5% CO,. Wound closure was compared at
0 h and 24 h post-scratch using a light microscope and
quantified using ImageJ software.

Transwell cell invasion assay

Transwell chambers (0.8 um pore) were coated with
Matrigel for 1 h at 37 °C (Corning, NY, USA) accord-
ing to the manufacturer’s instructions. A549 cells (mock
control, USP28KO, USP28KO-reconstituted with USP28
or MAST1) and H1299 cells (mock control, USP28KO,
USP28KO-reconstituted with USP28 or MAST1) were
seeded at a density of 3.0x 10* cells per well in 500 pL of
serum-free DMEM in the top chamber. Next, 750 puL of
complete media containing either vehicle or cisplatin was
added to the bottom chambers. Plates were then incubated
at 37 °C with 5% CO, for 24 h. Cells on the top surface
of the insert were scraped off, and the cells on the bottom
surface were fixed with ice-cold methanol followed by
crystal violet staining. Cells were visualized and images
were produced using a Leica DM5000 B microscope. The
number of cells was counted using ImageJ, and the data
are presented graphically.

Animal studies

The animal study was approved by the Institutional Animal
Care and Use Committees of Hanyang University.

Study design: The four groups including Mock, USP28-
KO, USP28-KO cells reconstituted with USP28 and USP28-
KO cells reconstituted with MASTI.

Treatment strategy: Cisplatin (2 mg/kg) prepared in saline
(Vehicle) was delivered by intraperitoneal injection (i.p.)
twice a week for 14—16 days.

Animal species or strain: Mouse/ NOD scid gamma/
NOD.Cg-Prkdcs“d IL2rg™Wi/SzJ (005557).

Animal sex: 2 males and 2 females per group.

Age and weight: 6-week old mice weighing between 20
and 25 g.
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were stained with individual antibodies. Scale bar: 10 um. D-E The
effect of USP28 and USP28CA on the half-life of Myc-MAST1 in
HEK293 (D) and endogenous MAST1 (E) protein in A549 cells.
CHX (150 pg/mL) was administered for the indicated time, and the

Fig.2 USP28 interacts with MAST1 and extends its half-life. A The
interaction between endogenous USP28 and MAST1 protein was ana-
lyzed in A549 by immunoprecipitation and immunoblotting using
the specific antibodies. B Interaction between ectopically expressed

USP28 and MAST1 was analyzed in HEK293 cells. Cells lysates
were immunoprecipitated using Myc or Flag antibodies and analyzed
by western blot. GAPDH was used as a loading control. C A549
cells were subjected to the Duolink PLA assay to analyze the inter-
action between USP28 and MASTI using specific antibodies. The
in situ USP28-MAST1 interaction (red PLA dots) was observed when
USP28 and MAST1 were immunostained together but not when they
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cells were then harvested for western blotting with the indicated anti-
bodies. The protein band intensities were estimated using ImagelJ
software with reference to the GAPDH control. Data are presented
as the mean and standard deviation of three independent experiments
(n=3). A two-way ANOVA followed by Tukey's post hoc test was
used, and P values are indicated
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Sample size: Four mice per group (n=4).

Total number of animals used in this study: Total four
groups, four mice per group (n=4). Total 16 mice were used
in this study.

Inclusion and exclusion: No mice were excluded from
the study.

Randomization: The animal house staff with no prior
knowledge of experiment to be performed randomly allo-
cated age matched mice of equivalent genetic background
for the study.

Blinding: The animal house staff allocated mice for
the study. For this study, three different researchers were
involved as follows: First leading investigator performed
subcutaneous injection of samples from each group. Second
leading investigator performed cisplatin treatment. Third
leading investigator conducted euthanization and surgical
procedure.

Drug: Cisplatin; Vehicle: Saline; Dose: Cisplatin (2 mg/
kg); Cell lines: A549 cells.

Site and route of administration: Cell were subcutane-
ously injected into the right flank of each mice. Cisplatin
was delivered by intraperitoneal injection (i.p.) twice a week
for 14-16 days.

Detailed protocol: Mice were housed in a temperature-
controlled room under standard conditions (12 h light/dark
cycle at a temperature of 27 °C and 55% relative humid-
ity) with access to food and water ad libitum. A549 cells
(1.0x 107) transfected with Mock control, USP28-KO,
USP28-KO reconstituted with USP28 or MAST1 were
prepared in DMEM: Matrigel (1:1) (BD Biosciences) and
subcutaneously injected into the right flank of each mouse
(four mice per group, n=4). Cisplatin (2 mg/kg) was deliv-
ered by intraperitoneal injection (i.p.) twice a week from
the day 7 till the end of the experiment. Mice were weighed
two times a week and the experiment was terminated on the
27th day of the treatment. At the end of the study, all mice
were euthanized. The tumors were harvested at the end of
the experiment and images were taken.

Method of euthanasia: CO, asphyxiation and tumors were
collected by dissection.

Outcome measures: Tumor growth was recorded by
measuring two perpendicular diameters (short axis and long
axis) and tumor volume was calculated using the formula
V=Dxd2x0.5, where D and d are the long and short axes
of the tumor, respectively. Tumor volume was measured
every other day and is presented graphically. Mice were
weighed two times a week and the experiment was termi-
nated on the 27th day of the treatment.

Statistical methods: Statistical analysis and graphical
presentation were performed using GraphPad Prism 9.0.
Two-way ANOVA followed by Tukey's post-hoc test was

used with the indicated P values. Statistical power is 80%
and was calculated post experiment using G¥*Power soft-
ware (https://www.psychologie.hhu.de/arbeitsgruppen/allge
meine-psychologie-und-arbeitspsychologie/gpower.html)
[32].

Statistical analysis

Statistical analysis and graphical presentation were per-
formed using GraphPad Prism 9.0. All results are presented
as the means and standard deviations of at least three inde-
pendent experiments (unless otherwise stated in the fig-
ure legends). The error bar represents means and standard
deviations. Comparisons between two groups were analyzed
using Student’s t-test. Experiments involving three or more
groups were analyzed by one-way or two-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test. The
relationship between the protein expression level of USP28
and MAST]1 in different human tissues was determined by
H-score and analyzed using non-parametric Spearman cor-
relation test. P-values <0.05 were regarded as statistically
significant. ICs, and ICg, values of cisplatin in HeLa, A549
and H1299 cells were calculated by non-linear regression
analysis.

Results
USP28 is a deubiquitinase for MAST1

To identify factors that regulate MAST]1 protein stability,
we recently performed an unbiased genome-wide CRISPR/
Cas9-based screening for USP subfamily genes and identi-
fied USP28 as one of the top potential DUB candidates that
may regulate MAST1 protein abundance (Supplementary
Fig. 1) [21]. Next, the survival percentage of HeLa cells
were measured after treatment with increasing concentra-
tion of cisplatin. The ICs, value of cisplatin was determined
as 6.3 pg/mL for HeLa cells (Supplementary Fig. 2). In
order to identify DUBs that sensitize cisplatin resistance,
we transfected an entire set of sgRNAs targeting individual
USP subfamily genes along with Cas9 nuclease into cispl-
atin-resistant HeLa cells (HeLa-cisR). Transfected cells were
treated with a sub-lethal dose (5 pg/mL) of cisplatin. The
cell viability assay results showed that the depletion of USP1
and USP28 increased the cytotoxicity of cisplatin and sen-
sitized the cisplatin-resistance in HeLa cells (Fig. 1A). Fur-
thermore, we cross confirmed the effect of USP28-depletion
on sensitizing cisplatin-resistant HeLa cells by treating cells
with an increasing concentration of cisplatin. The depletion
of USP28 showed a significant decrease in cell viability
when compared to the mock control (Fig. 1B).
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Previously, we reported that USP1 regulated the MAST1-
mediated MEK pathway in cisplatin-resistant cancer cells
[21]. In this study, we wish to investigate the role of USP28
on regulating MAST1 protein level and the association with
acquisition of cisplatin resistance. To this end, we designed
two sgRNAs to target the USP28 gene at exon 2 (Fig. 1C).
The sgRNA2 showed high silencing efficiency in reducing
USP28 protein level compared with sgRNA1 (Fig. 1D),
which is in line with the high cleavage efficiency exhibited
by sgRNAZ2 in T7E1 assay (Fig. 1E).
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(MAST1/GAPDH)1 0.95 0.66 0.28 0.69 0.31 0.11 0.01 0.64 0.41 0.09 0.02

USP28 positively regulates MAST1 protein levels

Next, we wished to investigate the influence of USP28
on MAST1 protein level. To this end, we transfected both
A549 and HEK?293 cells with increasing concentrations of
Flag-USP28 and analyzed MAST1 protein level. We found
that increasing concentrations of USP28 stabilized endog-
enous MAST1 protein levels in a dose-dependent manner
(Fig. 1F). However, the overexpression of catalytic mutant
of USP28 with a cysteine to alanine mutation at position
171 (USP28C171A) did not exhibit this effect on MAST1
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«Fig.3 USP28 deubiquitinates MAST1 protein. The ubiquitination
and deubiquitination of ectopically expressed Myc-MAST1 were
analyzed in HEK293 cells. A The HEK293 cells were transfected
with Myc-MAST1 and HA-Ub in a constant amount. Flag-USP28
was transfected in an increasing concentration, followed by immuno-
precipitation with Myc antibody and immunoblotting with anti-HA
antibody. B The ubiquitination and deubiquitination of ectopically
expressed Myc-MAST1 were analyzed by transfecting HEK293 cells
with Flag-USP28 and Flag-USP28CA or treatment with DUB-inhib-
itor PR-619 for 48 h prior to harvest in the HEK293 cells. The cells
were harvested, followed by IP with a Myc antibody and immunob-
lotting with an anti-HA antibody. C The ubiquitination and deubiq-
uitination of ectopically expressed Myc-MAST1 were analyzed by
transfecting HEK293 cells with sgRNAs targeting USP28. The cells
were harvested, followed by IP with a Myc antibody and immunob-
lotting with an anti-HA antibody. A—C The relative protein expres-
sion of MAST1-(Ub)n with respect to input MAST1 was quantified
using ImageJ software and represented as (MAST1-(Ub)n/MAST1)
below the blot. D Sanger sequencing data showing the disruption
in USP28 gene sequence in A549 (upper panel) and H1299 cells
(lower panel). The effect of USP28-KO on the mRNA expression
of E USP28 and F MASTI was evaluated by qRT-PCR with spe-
cific primers. The relative mRNA expression levels are shown after
normalization to GAPDH mRNA expression. Data are presented as
the mean and standard deviation of three independent experiments
(n=3). A two tailed t-test was used, and P values are indicated. G
Flow cytometry assay showing the expression of USP28 in mock
control vs. USP28-KO in A549 cells (left panel) and H1299 cells
(right panel). H Western blot analysis of the endogenous expression
of USP28 and MAST1 protein in A549 and H1299 USP28-KO was
evaluated. GAPDH was used as the internal loading control. I The
TUBE:s assay was performed to assess the ubiquitination status of the
MAST!1 protein in mock control and USP28-KO clones from A549
and H1299 cells. Cell lysates were immunoprecipitated with TUBEs
beads, followed by immunoblotting with the indicated antibodies.
J-K The effect of USP28-KO on the half-life of MAST1 in A549
cells. The mock control, USP28-KO and USP28-KO cells reconsti-
tuted with (J) Flag-USP28 and K Flag-USP28CA was treated with
CHX (150 pg/mL) for the indicated time, and the cells were then har-
vested for western blotting with the indicated antibodies. The protein
band intensities were estimated using Imagel software with reference
to the GAPDH control

protein (Fig. 1G). We observed a similar USP28-mediated
stabilization on Myc-MAST1 in HEK293 cells (Fig. 1I),
whereas USP28CA showed no such effect (Fig. 1J). These
results indicate that USP28 might act as a protein stabi-
lizer of MAST1 through its deubiquitinating activity. Fur-
thermore, we observed that the sgRNA-mediated reduced
expression of MAST1 protein was rescued upon addition of
Flag-USP28 in USP28-depleted cells both at endogenous
(Fig. 1H, lane 4 vs. lane 2) and exogenous levels (Fig. 1K,
lane 5 vs. lane 3). Together, these results suggest that USP28
positively regulates MAST1 protein levels.

USP28 interacts with and extends the half-life
of MAST1

To delineate the molecular mechanism by which USP28
regulates MAST1 protein, we first examined the interaction
between USP28 and MAST1 under physiological conditions.

Co-immunoprecipitation analysis using specific antibodies
against endogenous USP28 and MAST1 demonstrated that
USP28 interacts with MAST1 and vice versa in A549 cells
(Fig. 2A). Co-immunoprecipitation analysis of exogenous
Flag-USP28 and Myc-MAST1 in HEK293 cells showed
that both proteins interact with each other (Fig. 2B). These
findings confirm that USP28 interacts with MAST1 protein
at both endogenous and exogenous levels. We further used
Duolink PLA assays to validate the interaction between
USP28 and MAST1 under physiological conditions. The in
situ USP28-MAST1 interaction was observed as red signals
(PLA dots) when USP28 and MAST1 were immunostained
together, but not when they were stained with individual
antibodies (Fig. 2C).

On the basis of the above observations, we hypoth-
esized that the interaction between USP28 and MAST1
might influence on MAST1 protein turnover. To this end,
we treated A549 cells with the protein synthesis inhibitor
cycloheximide (CHX) in the presence or absence of USP28.
We observed an extended half-life of MAST1 exogenous
(Fig. 2D, lane 5-8) as well as endogenous protein (Fig. 2E,
lane 5-8) in the presence of USP28 compared with the mock
group. However, there was no effect of USP28 catalytic
mutant on the half-life of MAST1 protein (Fig. 2D and 2E,
lane 9-12), suggesting that the deubiquitinating activity of
USP28 regulates MAST1 protein turnover.

USP28 deubiquitinates MAST1

To analyze the effect of deubiquitinating activity of USP28
on MAST1 polyubiquitination, we performed deubiquit-
ination assays by transfecting increasing concentrations of
USP28 plasmid. The high-molecular-weight polyubiquitin
smear of MAST1 protein was reduced in the presence of
USP28 in a dose-dependent manner (Fig. 3A). However,
the catalytically mutant USP28 did not show any deubiquit-
inating activity on MAST1 protein (Fig. 3B, lane 6 vs. lane
5). In contrast, the DUB inhibitor (PR-619) increased the
ubiquitin smear on MAST1 protein (Fig. 3B, lane 7). Like-
wise, knockdown of USP28 resulted in an increase in the
polyubiquitination smear of MAST1 compared with mock
(Fig. 3C, lane 6 vs. lane 5).

To further validate the effect of USP28-mediated post-
translational regulation of MAST1, we generated single-cell
derived USP28-knockout clones in both A549 and H1299
cell lines using the CRISPR/Cas9 system. We used sgRNA2
targeting exon 2 of the USP28 gene co-transfected with
Cas9 and subjected cells to puromycin selection for 2 days.
The selected cells were then diluted into 96-well plates for
single-cell clonal selection. As a mock control, A549 and
H1299 cells transfected with scrambled sgRNA were also
subjected to single cell dilution. Single cell-derived knock-
out clones were then screened for USP28 gene disruption
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using T7E1 assays. The T7E1-positive single cell-derived
USP28 knockout clones (Supplementary Fig. 3A and C)
were subjected to western blotting to further confirm the
USP28 disruption. Western blot analysis revealed complete
disruption of USP28 protein expression in clones #12 in
A549 cells (Supplementary Fig. 3B) and clones #3 and #7
in H1299 cells (Supplementary Fig. 3D). Moreover, Sanger
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sequencing results revealed out-of-frame mutations in clone
#12 from A549 cells (Fig. 3D, upper panel) and clone #3
from H1299 cells (Fig. 3D, lower panel) (hereafter referred
to as USP28-KO).

Next, we analyzed the effect of USP28 knockout on the
mRNA and protein levels of MAST1 by qPCR, western blot-
ting and FACS analysis. USP28-KO clones in both A549



USP28 promotes tumorigenesis and cisplatin resistance by deubiquitinating MAST1 protein...

Page130f 18 145

«Fig.4 Correlation between USP28 and MAST1 expression in vari-
ous cancers tissues. A Box plot showing difference between USP28
expression in tumor and normal tissues in LUSC, CESC, LIHC and
ESCA cancer types. B Box plot showing difference between MAST1
expression in tumor and normal tissues in LUSC, CESC, LIHC and
ESCA cancer types. The box plots (A-B) were generated using online
bioinformatics tool GEPIA 2 (http://gepia2.cancer-pku.cn/#index).
C A heat map showing mRNA expression levels of USP28 and
MAST! in different cancer cell lines derived from the CCLE data-
base. Representative samples are arranged from high to low mRNA
levels of USP28, and corresponding MAST1 values are sorted. D A
scatterplot showing the expression correlation between USP28 and
MAST1 mRNA levels in different cancer cell lines derived from the
CCLE database. Pearson correlations (r) quantifying the relation-
ship between USP28 and MAST]1 are given. E Endogenous protein
expression patterns of USP28 and MAST1 in different cancer and
non-cancer cell lines were assessed by Western blotting. GAPDH
was used as the loading control. F-H Representative immunohisto-
chemical (IHC) staining images of endogenous USP28 and MAST1
in F human lung cancer (n=27), G breast cancer (n=18) and H
colon cancer (n=24) tissues. All IHC images were quantified with
an H-score and difference in expression of MAST1 and USP28
in normal and tumor samples was represented graphically. Scale
bar=30 um

and H1299 cells displayed complete disruption of USP28
expression at both mRNA (Fig. 3E) and protein (Fig. 3G,
H) levels and subsequently reduced MAST1 protein level
(Fig. 3H). However, the loss of USP28 did not exert sig-
nificant changes on MAST1 mRNA level (Fig. 3F), indicat-
ing that USP28 does not have transcriptional control over
MASTI. To further support our results, we analyzed the
ubiquitination pattern of MAST1 protein in USP28-KO
clones from A459 and H1299 cells. We performed TUBEs
assay, which has a high-affinity probe for ubiquitinated
proteins [29]. Our data showed a high ubiquitin smear on
MAST1 protein in USP28-KO clone obtained from both
A459 and H1299 cells compared with the mock control
(Fig. 31), indicating enhanced polyubiquitination of MAST1
in the absence of USP28. Furthermore, we checked the effect
of USP28 depletion on half-life of MAST1 protein in both
A549 cells and H1299 cells. The half-life of MAST1 was
drastically reduced in USP28-KO cell lines (Fig. 3J, K, lane
5-8; Supplementary Fig. 4A, B, lane 5-8). However, the
half-life of MAST1 protein was rescued when USP28-KO
cells were reconstituted with Flag-USP28 (Fig. 3J, lane
9-12; Supplementary Fig. 4A, lane 9-12), while USP28CA
failed to increase the half-life of MAST1 protein (Fig. 3K,
lane 9-12; Supplementary Fig. 4B, lane 9—12). Thus, these
results showed that USP28 regulates MAST1 expression at
the post-translational level via its deubiquitinating activity.

USP28 and MAST1 expression analysis in a wide
range of cancer types

We used the TCGA database to evaluate the normal-tumor
matched mRNA expression level of USP28 and MAST1 in

different cancer types. USP28 was upregulated in 62% of
cancer types (15 of 24) (Fig. 4A; Supplementary Fig. 5).
MAST1 was also upregulated in 54% of cancer types (13 of
24) (Fig. 4B; Supplementary Fig. 6). USP28 and MAST1
was significantly up-regulated in LUSC, LUAD, COAD,
BRCA, CESC, DLBC, ESCA, HNSC, KICH, LIHC, OV,
PAAD, and THYM compared with normal control (Fig. 4A,
B; Supplementary Fig. 5 and 6), suggesting that high USP28
and MAST1 mRNA expression level might be associated
with tumorigenesis. We further analyzed the expression of
USP28 and MAST1 in a wide range of cancer cell lines using
the Cancer Cell Line Encyclopedia (CCLE) database. The
high mRNA expression score of USP28 was proportional
with MAST1 expression (Fig. 4C; Supplementary Table S5)
and showed a positive correlation between USP28-MAST 1
exhibiting r value of 0.36 (Fig. 4D).

Furthermore, the expression level of USP28 corre-
sponded with MAST1 protein in several tested cancer cell
lines (Fig. 4E). Additionally, we demonstrated the clinical
relevance of USP28 and MAST1 expression in human clini-
cal tissue samples by immunohistochemistry staining. High
expression of USP28 and MAST1 was observed in lung
cancer (Fig. 4F), breast cancer (Fig. 4G) and colon cancer
samples (Fig. 4H). Non-parametric spearmen correlation
revealed a positive correlation between USP28 and MAST 1
expression in lung cancer (Spearman’s rho=0.81); breast
cancer (Spearman’s tho=0.61) and colon cancer (Spear-
man’s tho=0.76) (Supplementary Fig. 7 A-C).

Abrogation of USP28 induces DNA damage and cell
death

We next investigated the effect of loss of USP28 on
MAST1-mediated cisplatin resistance in both A549 and
H1299 cells. We used USP28-KO clones exhibiting
reduced MAST] protein level and the cells were reconsti-
tuted either with Flag-USP28 or Myc-MAST1 for further
functional experiments (Fig. 5A; Supplementary Fig. 8).
First, we estimated the relative cell survival of A549 and
H1299 cells with exposure to an increasing concentration
of cisplatin (Supplementary Fig. 9A, B). We next used
USP28-KO cells to validate the USP28 dependence for
cisplatin cytotoxicity by treating cells with increasing
concentration of cisplatin. The loss of USP28 resulted
in lower cell viability compared with the mock control,
while reconstitution with Flag-USP28 or Myc-MAST1
increased cell viability (Fig. 5B; Supplementary Fig. 10).
Furthermore, USP28-depleted cells showed an increase
in sub-G1 populations whereas reconstitution with Flag-
USP28 or Myc-MAST1 decreased sub-G1 populations
(Fig. 5C; Supplementary Fig. 11). Next, we estimated the
extent of DNA damage caused by cisplatin in the presence
or absence of USP28 by assessing YH2AX expression.
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USP28-KO clones from both A549 and H1299 cells
showed increased YH2AX foci formation compared with
mock control, while reconstitution with Flag-USP28 or
MAST1 reduced yH2AX foci formation (Fig. 5D; Sup-
plementary Fig. 12A). Furthermore, we verified via west-
ern blotting that USP28-KO clone treated with cisplatin

@ Springer

had higher expression of YH2AX than mock control cells
treated with cisplatin (Fig. SE; Supplementary Fig. 12B).
Additionally, treatment with USP28 inhibitor (AZ1)
along with cisplatin on A549 or H1299 cells showed an
increase in YH2AX foci formation when compared with
control (Fig. 5F; Supplementary Fig. 13). Likewise,
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«Fig.5 Loss of USP28 suppresses cell viability and promotes DNA
damage and apoptosis. Mock control, USP28-KO, and USP28-KO
cells reconstituted with either USP28 or MAST1 were used to per-
form the following experiments. A Western blot analysis to validate
the expression of USP28 and MAST1 using USP28- and MAST1-
specific antibodies in A549 cells. The cells from A were subjected to
the following experiments. B A549 cells were treated with an increas-
ing concentration of cisplatin (5 ug/mL, 10 pg/mL, 15 pg/mL, 20 pg/
mL and 25 pg/mL) for 48 h, and cell viability was assayed using
CCK-8 reagent. Data are presented as the mean and standard devia-
tion of three independent experiments (n=3). The ICs, values of cis-
platin in A549 mock, USP28-KO, and USP28-KO reconstituted with
USP28 and USP28-KO reconstituted with MAST1 were 3.56 ug/mL,
2.13 pg/mL, 3.36 pg/mL, and 3.44 ng/mL, respectively. C A549 cells
were treated with cisplatin (2 pg/mL) for 48 h and subjected to flow
cytometry to measure the DNA content using PI staining and Data
are presented as the mean and standard deviation of three independ-
ent experiments (n=3). D A549 cells were treated with either vehi-
cle or Cisplatin (2 pg/mL) for 48 h and subjected to immunofluores-
cence analysis to estimate YH2AX foci formation. Green, YH2AX;
blue, nucleus stained by DAPI. Scale bar=100 pm. The right panel
depicts the percentage of YH2AX-positive cells. Data are presented
as the mean and standard deviation of three independent experiments
(n=3). E A549 cells treated with cisplatin (2 pg/mL) for 48 h were
subjected to immunoblotting analysis with the indicated antibodies.
The protein band intensities were estimated using ImageJ software
with reference to the GAPDH control (y-H2AX/GAPDH) and pre-
sented below the blot. F A549 cells were treated with the indicated
concentrations of USP28 inhibitor (AZ1) with either vehicle or cispl-
atin (2 pg/mL) for 48 h and subjected to immunofluorescence analy-
sis to estimate YH2AX foci formation. Green, YH2AX; blue, nucleus
stained by DAPI. Scale bar=100 pm. The right panel depicts the per-
centage of YH2AX-positive cells. Data are presented as the mean and
standard deviation of three independent experiments (n=3). G A549
cells were treated with cisplatin (2 pg/mL) for 48 h. Flow cytom-
etry analysis was performed to analyze annexin-V and PI positive
cells and graphically represented. Data are presented as the means
and standard deviations of 3 independent experiments. H The effect
of USP28 depletion or USP28 inhibitor (AZ1) on MEK pathway in
AS549 cells treated with cisplatin (2 pg/mL) by western blotting with
indicated antibodies. GAPDH was used as the internal loading control

Annexin-V-positive cells were increased in USP28-KO
clones compared with USP28-depleted cells reconstituted
with USP28 or MAST1 (Fig. 5G), indicating that loss of
USP28 sensitizes cells to cisplatin-mediated DNA damage
and induced cell death.

Finally, we wished to investigate the molecular mecha-
nism of USP28 regulation on MAST1-driven cisplatin-
resistance. To this end, we examined MAST1-mediated
MEKI1 activation and subsequent ERK1/2 phosphorylation
in USP28-KO cells treated with cisplatin. Interestingly,
USP28-KO cells treated with cisplatin displayed reduced
expression of phosphorylated MEK1 and ERK, suggest-
ing that USP28 regulates MAST1-mediated MEK pathway
(Fig. 5H; Supplementary Fig. 14). Furthermore, cisplatin
or AZ1 treated cells showed an increase in expression of
apoptotic markers BIM and cleaved PARP (Fig. SH; Sup-
plementary Fig. 14).

Loss of USP28 inhibits MAST1-mediated tumor
progression

To determine whether USP28 expression contributes to
MAST1-mediated tumor growth, USP28-KO clones from
both A549 and H1299 cells were treated with cisplatin and
subjected to several in vitro carcinogenesis experiments.
An anchorage-independent colony formation assay dem-
onstrated that USP28-KO clones showed reduced colony
numbers compared with the mock control, while the col-
ony-forming ability was increased in USP28-depleted cells
reconstituted with USP28 or MAST1 (Fig. 6A and Supple-
mentary Fig. 15A). Similarly, cellular invasion and migra-
tion rate were significantly hindered in USP28-KO clones,
whereas USP28-depleted cells reconstituted with USP28 or
MAST]1 showed reversed results (Fig. 6B, C and Supple-
mentary Fig. 15B, C).

Next, we measured the ability of USP28-depleted cells to
impair tumor growth in NSG mice by subcutaneously inject-
ing USP28-KO cells and USP28-depleted cells reconstituted
with either USP28 or MAST1 obtained from Fig. 5A. The
mice bearing USP28-KO cells treated with cisplatin showed
reduced tumor size, volume and weight compared with the
mock control group (Fig. 6D, E, Supplementary Table S6).
However, mice bearing USP28-depleted cells reconstituted
with USP28 or MAST1 displayed increased tumor size,
volume and weight (Fig. 6D, E, Supplementary Table S6).
Additionally, immunohistochemical staining of xenograft
tumor tissues revealed reduced USP28 and MAST1 expres-
sion in the USP28-KO tumors compared with the mock con-
trol xenograft tumor tissues, while the expressions of USP28
and MAST1 were regained by reconstitution with USP28 or
MAST1 (Fig. 6F). Together, these results indicate that loss of
USP28 decreased MAST1 protein level and suppressed tumor
growth upon cisplatin treatment.

Discussion

Anti-cancer drug resistance is a major problem in cancer
treatment, leading to treatment failure in patients receiving
chemotherapy. Platinum-based chemotherapy, especially
cisplatin, is widely used to treat variety of cancer types
[2, 3, 33]. Cisplatin triggers apoptotic signaling in can-
cers cells by crosslinking with DNA, which subsequently
interrupts DNA synthesis and repair mechanisms [5]. Cis-
platin treatment leads to a high level of drug resistance in
patients and recurrence of tumors with cisplatin resist-
ance is frequently observed. Several factors contribute to
acquired resistance such as increased drug efflux, activa-
tion or inactivation of pro-apoptotic cellular signaling
and DNA-adduct repair [5, 34, 35]. Thus, identifying the
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«Fig.6 Loss of US28 inhibits tumorigenesis in vitro and in vivo.
Mock control, USP28-KO, and USP28-KO cells reconstituted with
either USP28 or MAST1 were used to perform the following experi-
ments. The cells from (5A) were treated with either vehicle or cis-
platin and were subjected to the following experiments. A Colony
formation was measured after 14 days in A549 cells. The colony
numbers were quantified and are presented graphically. Scale bar,
500 um. B The transwell cell invasion assay was performed with the
groups mentioned in A549 cells. The number of invaded cells were
quantified using Imagel software and represented graphically. Data
are presented as the means and standard deviations of 3 independ-
ent experiments. Scale bar, 100 um. C The migration potential of
above mentioned groups was assessed by an in vitro scratch assay in
A549 cells. The migration potential was quantified by ImageJ soft-
ware and are presented graphically. Scale bar, 200 um. Data are pre-
sented as the means and standard deviations of 3 independent experi-
ments. D Xenografts were generated by subcutaneously injecting
the mentioned cell groups into the right flanks of NSG mice (n=4/
group). Mice were i.p. injected with either saline (vehicle) or cisplatin
(2 mg/kg) twice a week beginning 7 days after xenograft implanta-
tion, and tumor size was monitored. Tumor volumes were recorded,
and tissues were stored for IHC experiments. The right panel shows
the tumors excised from the mice after the experiment. E Tumor vol-
ume and tumor weight were measured and are presented graphically.
Data are presented as the mean and standard deviation (n=4 mice per
group). Statistical power is 80% and was calculated post experiment
using G¥Power software. Two-way ANOVA followed by Tukey's
post-hoc test was used, and the exact P values are indicated on the
figures (P<0.05, P<0.01, P<0.001, P<0.0001 were considered as
significant, and P> 0.05 considered as non-significant). F Xenograft
tumors were embedded in paraffin and sectioned. IHC analyses were
performed with the indicated antibodies. Scale bar=30 um

mechanism of acquired resistance to cisplatin treatment
is critical.

Several researchers have identified factors involved in
the mechanism of acquired resistance after repeated cis-
platin treatment. MAST1 emerged as a critical driver of
cisplatin resistance in several tumors [18]. Later studies
showed that MAST1 protein ubiquitination and stabiliza-
tion is regulated by the E3 ligase CHIP and molecular
chaperone hsp90, respectively [19]. Thus, the regulation
of MAST]1 protein level was considered as a critical factor
for cisplatin resistance in cancer types. We recently per-
formed CRISPR/Cas9-based genome-wide screening for
DUBs that regulate MAST1 protein levels as well as DUBs
that confer cisplatin resistance in cancers [21]. Our screen-
ing system identified USP28 as one of the potential DUBs
regulating cisplatin resistance in cancers. Depletion of
USP28 destabilized MAST1 protein levels and also sensi-
tized cisplatin-resistant cancer cells for cisplatin-mediated
cytotoxicity. In line with our results, inhibition of USP28
destabilized ANp63 protein and sensitize squamous cell
carcinomas cells for cisplatin treatment [25].

In this study, we demonstrated that USP28 stabilizes
MASTI1 protein by preventing its protein degradation
and subsequently extends MAST]1 protein half-life. We
also demonstrated that depletion of USP28 enhances

cisplatin-induced DNA damage and cell death, which was
evident by high yH2AX foci formation and Annexin-V
positive cells. USP28 plays an important role in the DNA
damage response. USP28 deubiquitinates and stabilizes
factors in ATM and ATR signaling by preventing their pro-
tein degradation. These factors, including 5S3BP1, Claspin
and MDCl1, associate with USP28 and are critical in con-
trolling the DNA damage response [24]. USP28 is also an
ATM substrate in response to DNA damage and regulates
CHK?2-dependent apoptosis. USP28 stabilizes claspin pro-
tein, a key regulator of CHK1 activity, and maintains G2
arrest, suggesting the role of USP28 in regulating DNA
damage response factors during DNA repair [36]. Like-
wise, we demonstrated that the depletion of USP28 can
hinder cell proliferation, wound healing, invasion and
colony-formation ability. Furthermore, we showed that the
loss of USP28 downregulates MAST]1 protein level and
sensitizes cells for cisplatin toxicity during tumor growth,
leading to reduced tumor size, volume and weight.

In conclusion, our study demonstrates that USP28 could
enhance MAST 1-driven cisplatin resistance by stabilizing
MAST]1 protein level in cancer. Thus, USP28 may be a
potential therapeutic target along with MAST1 to syner-
gistically boost the effect of cisplatin-based treatment to
overcome cisplatin resistance in cancer patients.
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