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Abstract

Conventional screening methods for deubiquitinating enzymes (DUBs) have important limitations. A loss-of-function study
based on the knockout of DUB genes in mammalian cells can provide an excellent model for exploring DUB function. Here,
we used CRISPR-Cas9 to perform genome-scale knockout of the entire set of genes encoding ubiquitin-specific proteases
(USPs), a DUB subfamily, and then systematically screened for DUBs that stabilize the Cdc25A oncoprotein. USP3 was
identified as a deubiquitinase of Cdc25A. USP3 depletion reduces the Cdc25A protein level, resulting in a significant delay
in cell-cycle progression, and reduces the growth of cervical tumor xenografts in nude mice. Clinically, USP3 expression is
positively correlated with Cdc25A protein expression and the poorest survival in breast cancer. We envision that our DUB
knockout library kit will facilitate genome-scale screening of functional DUBs for target proteins of interest in a wide range

of biomedical fields.
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Introduction

The cell cycle is a tightly regulated process controlled by a
signaling network that ensures normal cell division [1, 2].
The cell division cycle 25 (Cdc25) proteins are dual-
specificity phosphatases that activate cyclin-dependent
kinase (CDK) complexes to ensure the proper progression
of the cell division cycle [3]. Cdc25A, a Cdc25 phosphatase
family member, plays a key role in regulating both the
G1/S and G2/M progressions by activating CDKs through
dephosphorylation at the threonine and tyrosine residues [4].
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Cdc25A switches from a steady state to a labile one during
mitosis and interphase in a process regulated by its post-
translational modification [3]. In response to DNA damage,
cells undergo rapid Gl arrest due to the proteasomal
degradation of Cdc25A. Notably, overexpression of Cdc25A
in cancer has frequently been associated with genetic insta-
bility and checkpoint abrogation, contributing to malignancy
and poor prognosis [5, 6].

Posttranslational modifications play a critical role in the
maintenance of Cdc25A stability. Cdc25A protein levels
vary in a cell-cycle-dependent manner, with predominant
expression in Gl and stabilization in mitosis through
CDK1-cyclin B-mediated phosphorylation. Cdc25A is then
subjected to anaphase promoting complex/cyclosome
(APC/C)-dependent ubiquitination [7]. During the S and G2
phases, Cdc25A undergoes proteasome-mediated degrada-
tion by the SCFPTRP (Skp1/Cullin/F-box) ubiquitin ligase
complex [7]. Although much attention has been given to the
ubiquitination system in the maintenance of Cdc25A sta-
bility, the reversal of its ubiquitination by deubiquitinating
enzymes (DUBs) plays an equally critical role in the pro-
gression of the cell division cycle [8].

In this study, we performed a CRISPR-Cas9 (clustered
regularly interspaced short palindromic repeats/CRISPR-
associated-9)-based screening of ubiquitin-specific pro-
teases (USPs) to identify candidates that might regulate
Cdc25A protein turnover by reversing its ubiquitination,
thereby protecting it from degradation. We generated a
library of 50 individual knockout cell lines targeting the
genes of each USP family member. The cell lysates from
these USP knockout cell lines were used in western blot
analyses to screen for DUB candidates that regulate
Cdc25A protein stabilization. Our approach can provide
new insights into the molecular mechanisms by which
DUBs regulate their target proteins in diverse cellular
processes.

Materials and methods
Plasmids, antibodies, and reagents

HA-Cdc25A, Flag-APC/Cdhl1, and Flag-BTrCP were kindly
given to us by Dr Zhao-Qi Wang. The HA-Cdc25A was
further subcloned into the pcDNA 3.1 6XMyc-vector. pAd-
DsRed-IRES-EGFP-Cdc25A was a kind gift from Dr Tiebang
Kang. Flag-USP3 (#22582), HA-ubiquitin (#18712), GFP-
H2B (#11680), and Cas9-2A-GFP (#44719) were purchased
from Addgene. To generate the catalytic mutant of USP3, the
active cysteine residue at position 168 was replaced with
serine, producing USP3C168S (USP3CS) by site-directed
mutagenesis. Cas9-2A-mRFP-2A-PAC was purchased from

Toolgen (Seoul, South Korea). The antibodies used for co-
immunoprecipitation, immunofluorescence, flow cytometry,
and western blotting were anti-Cdc25A (Santa Cruz Bio-
technology sc-7389, Abcam ab989, and Proteintech 55031-1-
AP at a dilution of 1:1000 for western blots, 1:500 for
immunofluorescence, and 1:100 for immunohistochemistry),
anti-USP3 (Abcam ab101473, Genetex GTX128238, and
Novus NB100-77284 at a dilution of 1:1000 for western
blots, 1:500 for immunofluorescence, and 1:100 for immu-
nohistochemistry), anti-Cdc25B (Santa Cruz Biotechnology,
sc-326, 1:1000), anti-Cdc25C (Santa Cruz Biotechnology, sc-
13138, 1:1000), anti-cyclin B (Santa Cruz Biotechnology,
sc-166152, 1:1000), anti-cyclin B1 (Cell Signaling Technol-
ogy, 12231, 1:1000), anti-phospho-cdc2 (Tyrl5) (Cell
Signaling Technology, 4539), anti-CDK1 (Santa Cruz Bio-
technology, sc-53219, 1:1000), anti-phospho-histone H3
(Serl0) (Cell Signaling Technology, 3377, at a dilution of
1:500 for immunofluorescence), anti-BrdU (Biolegend,
339811, at a dilution of 1:500 for flow cytometry), anti-Flag
(anti-DDDDK-tag) (MBL International, M185-3L, 1:1000),
anti-Myc (Santa Cruz Biotechnology, sc-40, 1:1000),
anti-ubiquitin (Santa Cruz Biotechnology, sc-8017, 1:1000),
anti-HA (Santa Cruz Biotechnology, sc-7392, 1:1000), anti-
DsRed (Santa Cruz Biotechnology, sc-390909, 1:1000),
anti-GFP (Santa Cruz Biotechnology, sc-9996, 1:1000), anti-
cleaved-PARP (Cell Signaling Technology, 56258, 1:100 for
immunofluorescence), and TUBE 2 (Life Sensors, UM402).

Cell culture and treatments

Human embryonic kidney (HEK293), cervical cancer (HeLa),
osteosarcoma (U20S), colorectal adenocarcinoma (Caco2),
prostate cancer (PC3), breast cancer (MCF7), and colorectal
adenocarcinoma (SW620) cells (ATCC, VA, USA) were
cultured in DMEM (GIBCO BRL, Rockville, MD, USA)
supplemented with 10% fetal bovine serum (GIBCO) and 1%
penicillin and streptomycin (GIBCO BRL, Rockville, MD,
USA) at 37°C in a humidified atmosphere with 5% CO,.
Human dental pulp stem cells (hDPSCs) were cultured in a-
modified Eagle medium (Gibco). PR-619 was purchased from
Abcam (ab144641). Cycloheximide (CHX) was purchased
from Sigma-Aldrich. Cells were treated with nocodazole
(Sigma-Aldrich), bromodeoxyuridine (Biolegend, CA, USA),
etoposide (Sigma-Aldrich), AZ20 (Sigma-Aldrich), and caf-
feine (Sigma-Aldrich) at the indicated concentrations.

Cas9 and sgRNA constructs
To screen the single guide RNAs (sgRNAs), we used a
plasmid encoding Cas9-2A-mRFP-2A-PAC (puromycin

N-acetyl-transferase and puromycin resistance gene) and
a plasmid encoding the sgRNAs; both constructs were
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purchased from Toolgen (Seoul, South Korea). The sgRNA
target sequences were designed using bioinformatics tools
(www.broadinstitute.org) and cloned into the vectors as
previously described [9]. Briefly, oligonucleotides contain-
ing each target sequence were synthesized (Bioneer, Seoul,
South Korea), and T4 polynucleotide kinase was used to
add terminal phosphates to the annealed oligonucleotides
(Biorad, CA, USA). As a mock control, non-targeted
sgRNAs (scrambled sgRNA sequences) were designed. The
vector was digested with Bsal restriction enzyme and
ligated with the annealed oligonucleotides. The oligonu-
cleotide sequences are listed in Table S1.

T7E1 assay

The T7 endonuclease I (T7E1) assay was performed as
previously described [10, 11]. Isolation of genomic
DNA was performed using DNeasy Blood & Tissue kits
(Qiagen, Hilden, Germany) according to the manu-
facturer’s instructions. The region of DNA containing the
nuclease target site was PCR-amplified using hemi-nested
or nested primers. Amplicons were denatured by heating
and annealed to form heteroduplex DNA, which was then
treated with 5 units of T7E1 (New England Biolabs, MA,
USA) for 15-20 min at 37 °C, followed by 2% agarose gel
electrophoresis. Mutation frequencies were calculated
based on band intensity by ImageJ software using the
following equation: mutation frequency (%)= 100 x
(1 — [1 — fraction cleaved]"?), where the fraction cleaved
was the total relative density of the cleavage bands divi-
ded by the sum of the relative density of the cleavage and
uncut bands. The oligonucleotide sequences used to get
the PCR amplicons for the T7El assay are listed in
Table S2. The amplicon size of each USP gene and the
expected cleavage sizes after the T7E1 assay are sum-
marized in Table S3.

Generation of DUB knockout single cell-derived
clones

To generate the DUB knockout library, HEK293 cells
were co-transfected with the plasmid encoding Cas9 and
sgRNAs targeting USP genes at a 1:2 weight ratio using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). To
generate mock clones, HEK293 cells were co-transfected
with the plasmid encoding Cas9 and non-targeted sgRNAs
(scrambled sgRNAs) at a 1:2 weight ratio and
further subjected to clonal selection. One day after trans-
fection, the transfected cells were selected with puromycin
(1 pg/mL) for 48 h, and then a small portion of the cells
was harvested for the T7E1 assay to estimate the sgRNA
efficiency. The cells transfected with sgRNA and showing
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higher than average indel frequency were chosen for
generating the single cell-derived clones. The cells were
trypsinized, resuspended in DMEM, and seeded into 96-
well plates at an average density of 0.25 cells/well. Sixteen
days after cell seeding, each well was microscopically
evaluated, and round, single cell-derived colonies were
selected [12]. Each selected colony was individually
trypsinized and replated into a 24-well plate. Seven days
after subculture, the single cell-derived knockout clones
were harvested for their genomic DNA and subjected to
T7E1 analysis. T7E1-positive clones were expanded and
stored in liquid nitrogen. Gene disruption was confirmed
by sequencing the region including the target sequence, as
previously described [12]. Briefly, PCR amplicons that
included the CRISPR-Cas9-target sites were cloned into
the T-Blunt vector. The cloned plasmids were sequenced
with the same primers used for PCR amplification, as
summarized in Table S2.

Transfection and transduction

For plasmid transfection, HeLa, HEK293, and U20S cells
were transfected with Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s pro-
tocol. Short hairpin RNA (shRNA) lentiviral particles
against USP3 were transduced according to the manu-
facturer’s protocol. To generate USP3 knockout in HeLa
cells, sgRNA2 targeting USP3 was transfected into cells
along with Cas9-endonuclease. Similarly, to generate
Cdc25A knockout in HeLa cells, sgRNA2 targeting
Cdc25A was transfected along with Cas9-endonuclease.
The transfected cells were puromycin selected (1.5 ug/mL)
and reseeded into 96-well plates to establish single cell-
derived colonies. After 12 days, single round colonies were
marked and expanded for screening by the T7E1 assay.

Immunoprecipitation

Forty-eight hours after transfection, the cells were harvested
and lysed in buffer B (50 mM Tris pH 7.6, 150 mM NacCl,
1 mM EDTA, 1% Triton X-100, 1 mM PMSF) for 20 min.
Immunoprecipitation was carried out by incubating the
precleared lysates with the indicated antibodies at 4 °C
overnight, followed by 20 uL of protein A/G Sepharose
beads (Santa Cruz Biotech, TX, USA) at 4 °C for 2 h. The
beads were washed with lysis buffer and eluted with SDS
sample buffer. Co-immunoprecipitated proteins were
examined by western blot analysis and blotted with the
indicated primary antibodies. Rabbit IgG TrueBlot sec-
ondary antibody (Rockland Antibodies, Cat 18-8816-31)
was used to prevent interference from heavy and light
immunoglobulin chains in the binding assays.


http://www.broadinstitute.org
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Reporter assay

HEK?293 cells were co-transfected with a reporter plasmid
encoding DsRed/EGFP-Cdc25A along with the constructs
indicated in Fig. 3c, f (1:1 ratio). After 48 h, the live cells were
harvested, resuspended in phosphate-buffered saline (PBS)
with 10% fetal bovine serum and filtered using a 40 um cell
strainer (BD Falcon, Franklin Lakes, NJ, USA). The filtered
cells were subjected to flow-cytometry analysis on a FACS
flow cytometer (BD FACSCANTO II, BD Biosciences).

Immunofluorescence

HeLa cells were transfected with the constructs indicated in
Figs. 3i and 5b, e, and 5 g were grown on glass coverslips
for 48 h, and then fixed in 4% paraformaldehyde in PBS for
10 min at room temperature. After washing with PBS, the
cells were permeabilized in PBS with 0.1% Triton for
5min, washed extensively in PBS, and incubated with
specific primary antibodies diluted in bovine serum albumin
overnight. On the following day, the cells were incubated
with appropriate conjugated secondary antibodies for 1 h.
They were then washed several times in PBS and mounted
on glass slides. The cells were visualized, and images were
captured using a Leica fluorescence microscope (Leica,
DM5000 B; Leica CTR 5000; Germany).

Real-time PCR

Total RNA was isolated using Trizol reagent (Favorgen,
Kaohsiung, Taiwan). RNA pellets were suspended in
30 uL nuclease-free water, after which the RNA con-
centration was determined. Total mRNA was reverse
transcribed into cDNA using the SuperScript III First-
Strand Synthesis System (Life Technologies) with an oligo
dT primer. Quantitative PCR was performed using Fast
SYBR Green master mix (Life Technologies) and a Ste-
pOnePlus Real-Time PCR System (Life Technologies,
USA) with GAPDH-targeting primers (5-CATGTTCGT
CATGGGTGTGAACCA-3’, 5'-AGTGATGGCATGGAC
TGTGGTCAT-3’) and Cdc25A-targeting primers (5'-
CAGCTTCCACACCAGTCTCT-3' and 5-TTGACTGC
CGATACCCATAT-3").

TUBEs ubiquitination assay

The ubiquitination of Cdc25A was validated in HeLa cells
using the Tandem Ubiquitin Binding Entities (TUBEs)
ubiquitination assay. The required number of cells was
seeded and incubated overnight. Then, IL-18 (5ng/mL,
Sigma-Aldrich) was added for the time intervals (0 and
10 min). Cells were harvested and lysed, and the pUb chains
were captured from the cell lysate using TUBEs. Then, the

samples were subjected to western blotting with the indi-
cated antibodies.

Deubiquitination assay

The DUB activity of USP3 and its effect on Cdc25A were
examined in HEK293 and HelLa cells transfected with the
constructs indicated in Fig. 4a—c. After 48 h, the cells were
treated (or not) with MG132 (5 uM/mL) for 4 h and har-
vested, followed by immunoprecipitation and western
blotting with the indicated antibodies.

Cell cycle and apoptosis assays

For the cell-cycle experiments, transfected HeLa cells were
washed twice with PBS, fixed in ice-cold 70% ethanol, and
resuspended in PBS containing propidium iodide (PI)
(50 pg/mL; Sigma) and RNase A (200 pg/mL, New England
Biolabs, MA, USA). Analyses were performed with a
FACS flow cytometer (BD FACSCANTO II, BD Bios-
ciences) and Kaluza Beckman-Coulter software. To block
cells at the M-phase, transfected HelLa cells were treated
with nocodazole for 16 h, followed by mitotic release with
fresh medium. To estimate the change in mitotic progres-
sion, asynchronized and nocodazole-released cells were
subjected to PI staining to estimate their DNA content. To
identify cells in the S phase, transfected HeLa cells were
treated with bromodeoxyuridine (BrdU, 100 pg/mL, Biole-
gend) for 1h and harvested in PBS. The harvested cells
were fixed in 70% ethanol, pelleted, resuspended in HCI,
treated with sodium tetraborate, and then stained with Anti-
BrdU (1:250, Biolegend, CA, USA) according to the
manufacturer’s protocol. HeLa cells were transfected with
the constructs indicated in Fig. 5c, followed by etoposide
treatment for 12 h, and dead cells were identified by their
sub-diploid (sub-G1) DNA content. Apoptotic populations
were quantified using a PE annexin-V/7-AAD staining kit
(BD Biosciences) according to the manufacturer’s protocol.
In brief, HeLa cells were transfected with the constructs
indicated in Fig. 5f and harvested after 48 h. Then, the cells
were washed with ice-cold PBS containing 10% fetal
bovine serum. The required cells were counted, and 5 pL
of annexin-V and 7-AAD was added. Then, the cells
were incubated in the dark for 15 min. Stained cells were
suspended with binding buffer, and flow cytometry was
performed within 1 h.

Time-lapse microscopy
Time-lapse live cell imaging was performed in a CO,
chamber at 37°C (Applied Precision) using the 40x,

1.35NA, 0.10 mm, WD objective lens on a microscope
(Delta Vision Core; GE Healthcare) equipped with a
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charge-coupled device camera (photometrics). U20S cells
transfected with Cas9-endonuclease and sgRNA targeting
USP3 were FACS-sorted for Cas9-positive cells, and the
sorted cells were then expanded to generate enriched USP3
transient knockout cells. Those cells were transfected with
histone H2B-GFP (Addgene, #11680) in a glass-bottom
multi-well chamber (eight-well chamber, Lab-Tek II
chambered cover glass, Thermo Fisher). Time-lapse images
were taken at 1 min intervals and maximally projected. Data
were obtained from three independent experiments.

Clonogenic survival assay

HeLa cells transfected with the constructs indicated in
Supplementary Fig. S11a were incubated with etoposide for
14 days. After 14 days, the surviving colonies were counted
under light microscopy by staining with crystal violet. All
experiments were performed in triplicate and are graphically
represented.

Cell proliferation assay

Mock, USP3KO, and Cdc25AKO HeLa cells were trans-
fected with the constructs indicated in Fig. 6a, b and seeded in
96-well plates with 200 pL of culture medium. Next, 10 pL of
cell counting kit-8 assay reagent (CCK-8; Dojindo Molecular
Technologies, Rockville, MD) was added to each well, and
the cells were cultured for 2 h. Absorbance was measured
using a spectrophotometer (Bio-Rad Laboratories, Inc.,
Korea) at 450 nm. In experiments with ATR inhibitors, AZ20
(10 uM) or caffeine (150 mM) was used to treat cells for 48 h.
Data were obtained from three independent experiments.

Soft agar assay

Mock, USP3KO, and Cdc25AKO Hel.a cells were trans-
fected with the constructs indicated in Fig. 6e. First, 1 mL of
0.75% agarose gel with 1x DMEM complete (equal ratio)
was placed into six-well plates and held for 45 min at room
temperature. HeLa cells (1 x 10%) were suspended in 500 uL
of DMEM containing 500 uL of 0.75% agarose and
inoculated onto the surface of the solidified gel. Cells were
cultured for 15 days at 37 °C in a humidified atmosphere
containing 5% CO,. The anchorage-independent colony
numbers were counted under light microscopy after staining
with crystal violet. Data were obtained from three inde-
pendent experiments.

Wound healing assay
Migration activity was analyzed by the wound healing
assay. Mock, USP3KO, and Cdc25AKO HeLa cells were

transfected with the constructs indicated in Fig. 6d and
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cultured to near 90% confluency. Scratches were made in
the monolayers with a sterile pipette tip in a definite array.
The wounded cell layer was washed with PBS and incu-
bated with serum-free medium. Wound closure or the area
of the wound was compared at 0 and 24 h using a fluores-
cence microscope (IX71, Olympus, Tokyo, Japan) and
ImageJ software. The percentage of wound healing was
calculated as previously described [13]. Data were obtained
from three independent experiments.

Matrigel invasion assay

Cell invasion was assessed using 0.8 um Transwell cham-
bers (Falcon) coated with Matrigel (Corning, USA)
according to the manufacturer’s protocol. Briefly, 2.5 x 10*
cells suspended in 500 uL of serum-free DMEM were
placed in 24-well chambers. Next, 750 uL. of complete
medium was added, and the cells were incubated in a 5%
CO, atmosphere at 37 °C. After 24 h, the cells on the upper
surface of the insert were scraped off, and the cells on the
lower surface were fixed with ice-cold methanol and stained
with crystal violet. The average number of cells was
counted using light microscopy. Data were obtained from
three independent experiments.

Xenograft tumor experiment

Male NOD scid y (NSG) mice (6 weeks old) were used for
the animal experiments. The animal study was approved by
the JACUC. All mice were housed in standard conditions
with a 12 h light/dark cycle and access to food and water.
To generate a stable Cdc25A-overexpressing USP3KO cell
line, we transfected USP3KO cells with the HA-Cdc25A
plasmid and selected with an antibiotic (G418) for 14 days.
HA-Cdc25A expression was confirmed by western blot
analysis. Animals were randomized into three groups (five
mice per group) and received the following injection, Mock
control cells, USP3-depleted HeLa cells, or Cdc25A-
overexpressing USP3KO cells (5 x 10°%) in PBS: Matrigel
(BD Biosciences) (1:1) were subcutaneously injected into
the right flanks of mice. The volume of the xenografts was
blindly measured by the two co-authors individually every
other day for 30 days and estimated using the formula V =
D x d*/2, where D is the long axis, and d is the short axis of
the tumor. Upon completion of the measurements, the
tumor grafts were harvested. The weight of the harvested
tumors was measured, and the tumor tissues from the mouse
xenografts were isolated for immunohistochemistry.

Immunohistochemistry

Xenograft tumor tissue samples were fixed in 4% paraf-
ormaldehyde (Fujifilm Wako Pure Chemical Corporation,
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Osaka, Japan) overnight at 4 °C. Tissues were then dehy-
drated in 70% ethanol until they were processed in paraffin.
The samples were stained with USP3 (Novus) and Cdc25A
(Proteintech) antibodies. Imaging of tumor sections on
slides was done on a Leica DM5000 B (Leica, Germany).

Clinical samples, 12 non-neoplastic and 12 invasive
ductal carcinomas, were procured from AccMax Array Inc.
(ISU Abxis Co., Seoul, South Korea). The formalin-fixed
paraffin-embedded tissue specimens were deparaffinized
and incubated with anti-USP3 (1:100) or anti-Cdc25A
(1:100) according to a protocol previously described [14].
The slides were counterstained with hematoxylin, dehy-
drated, and mounted. Digital images were captured using a
Leica DM5000 B (Leica, Germany).

Expression and survival analysis based
on TCGA data

TCGA expression data sets were downloaded from the
UCSC Xena website (https://xenabrowser.net/) as processed
data (level 3). Gene expression comparisons between tumor
and normal samples were carried out for patients with both
tumor and matched normal samples. A paired 7 test was
used to evaluate the P values. A Kaplan—Meier survival
analysis was performed for overall survival (OS) using the
R ‘survival’ package version 2.4. OS was measured as the
time from diagnosis to death from any cause. The log rank
test was used to evaluate the statistical significance between
expression of the gene of interest in the top and bottom
tertile groups of patients. A P value <0.05 was considered
to be statistically significant.

Statistical analysis

Statistical analyses were conducted in GraphPad Prism
5.0 software (San Diego, USA). All experiments were
performed independently at least three times, and the results
are presented as means = SD. Comparisons between two
groups were conducted using the student’s ¢ test. One-way
ANOVA followed by the Tukey post-hoc test was per-
formed to compare three or more groups. A P value < 0.05
was considered statistically significant.

Results

Generation of the DUB knockout library kit using
the CRISPR-Cas9 system

USPs are the largest subfamily of DUBs, comprising about
50 proteins with diverse cellular functions [15-18]. We
individually designed two sets of sgRNAs targeting the
early exons for the entire set of 50 USP genes. As a mock

control, we designed non-targeted, scrambled sgRNAs. We
chose HEK293 cells, which express all 50 USP subfamily
members [19] (Supplementary Fig. S1) to develop our
genome-scale CRISPR/Cas9-mediated DUB knockout
library kit targeting the USP subfamily. The HEK293 cells
were co-transfected with plasmids encoding Cas9 and the
sgRNAs targeting DUBs. The efficiencies of the sgRNAs
were validated as a high indel percentage on the T7E1 assay
(Fig. 1a and Supplementary Fig. S2). The sgRNAs with the
highest indel percentages were then used to generate single
cell-derived DUB knockout (DUBKO) clones. Mock con-
trol cells co-transfected with the plasmid encoding Cas9 and
non-targeted sgRNAs were also subjected to clonal selec-
tion. The transfected cells were diluted and seeded into 96-
well plates, and the individual single cell-derived clones
with disrupted genes were selected using the T7El assay
(Supplementary Figs. S3 and S4). We successfully gener-
ated individual knockout cell lines for all USP genes except
USP29, which failed even after several attempts. The
transfection of sgRNA targeting USP29 into HEK293 cells
caused very low cell viability and poor survival upon longer
passages, suggesting that USP29 might behave as a key
factor for cell proliferation and survival. The T7E1-positive
single cell-derived DUBKO clones with a high indel per-
centage were subjected to Sanger sequencing to confirm
gene disruption. We particularly focused on out-of-frame
mutations in the sequencing results (Supplementary
Fig. S5). The DUBKO cell lines were individually lysed,
and equal concentrations of the lysate aliquots were stored
as the DUB screening kit. Notably, all DUBKO lysates can
be loaded onto several gels simultaneously to screen for
DUB candidates that regulate a protein of interest, demon-
strating the usability of our DUBKO cell lysate library as an
efficient screening system. We examined potential changes
in the expression of our protein of interest (Cdc25A) in the
panel of lysates with the individual loss-of-function DUBs
using western blot analyses. A schematic of the DUBKO
library design and its application to genome-scale screening
for functional DUBs to examine the turnover of target
substrates is presented in Fig. 1b.

CRISPR-Cas9 system enables successive genome-
scale screening for candidate DUBs regulating the
Cdc25A protein

We used our screening method to identify specific DUBs
that stabilize Cdc25A posttranslationally in the hope of
identifying new cancer targets. To examine the DUB genes
for which loss-of-function confers a reduction in Cdc25A
protein levels, we examined endogenous Cdc25A protein
levels in DUBKO cell lysates by western blot analysis
(Fig. 2a). In the case of USP29, we used HEK293 cells
transiently transfected with Cas9 and sgRNAs targeting the

SPRINGER NATURE
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Fig. 1 DUBKO library kit design and application for genome-scale
screening for functional DUBs. a The cleavage efficiency of two sets
of sgRNAs targeting each USP subfamily protein was determined
using the T7E1 assay in HEK293 cells transfected with plasmids
encoding Cas9 and the sgRNAs. The cleavage band intensity
was measured and graphically represented using Image] software.
b Scheme illustrating the design of the DUBKO library kit using the
CRISPR-Cas9 system. Step 1: Selection of sgRNAs with high clea-
vage efficiency and the lowest off-target scores using bioinformatics
tools and cloning into a plasmid driven by the U6 promoter. Step 2:
Transfection and puromycin selection. Cells transfected with the
plasmids encoding Cas9 and sgRNAs were diluted in DMEM and
seeded into a 96-well plate at an average density of 0.25 cells/well.

USP29 gene, followed by puromycin selection. Compared
with the mock controls, the DUBKO cell lysates for USP3
and USP29 showed significantly reduced Cdc25A protein
levels, along with DUB3 (USP17) and USP7, both DUBs
previously reported to affect Cdc25A [8, 20]. Similar results
were obtained when we analyzed the protein level of
ectopically expressed Myc-Cdc25A by individually trans-
fecting sgRNAs targeting entire USP subfamily (Supple-
mentary Fig. S6). In contrast, the Cdc25B and Cdc25C
isoforms were unaltered (Fig. 2b), confirming that the DUB
candidates are specific to Cdc25A protein stabilization. We
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Step 3: Round, single cell-derived colonies observed through a
microscope were transferred to a six-well plate and cultured. Step 4:
Screening of the gene-modified DUBKO cell lines by the T7EI assay.
A portion of the cultured cells was harvested for genomic DNA and
subjected to T7El analysis. Step 5: The sequences of the T7El-
positive DUBKO cell lines were confirmed by Sanger sequencing.
Step 6: DUBKO kit preparation and screening. Gene disruption con-
firmed DUBKO cell lines were lysed individually, and equal con-
centrations of each cell lysate were stored at —20 °C as DUBKO Kkits.
The samples from one DUBKO kit were loaded on polyacrylamide
gels and screened for a protein of interest by western blot analysis to

examine the downregulation of protein levels caused by the loss-of-
function of individual DUBs.

also used ectopically expressed Myc-Cdc25A to cross-
confirm the effects of the sgRNAs targeting the DUB can-
didates obtained from the initial screening, and the results
show that USP3 and USP29 regulate Cdc25A stability
(Fig. 2c).

USP3 as a protein stabilizer of Cdc25A
We further examined the effects of the DUBs in cancer cells

by transiently transfecting human cervical cancer (HeLa)
cells with sgRNAs and Cas9. The common DUB inhibitor
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Fig. 2 Screening for functional DUBs that regulate Cdc25A sta-
bility using the DUBKO library kit. a Equal protein concentrations
of DUBKO HEK293 cell lysates were subjected to western blot ana-
lysis to determine endogenous Cdc25A protein levels. The sgRNA
targeting USP29 was transiently transfected along with Cas9-endo-
nuclease, and cells were selected by puromycin. GAPDH was used as
the loading control. b Top DUB candidates for Cdc25A regulation
were analyzed to determine their effects on the endogenous expression
of other Cdc25 isoforms. The graph in the right panel represent the
expression of the Cdc25A protein as estimated by Imagel software.
¢ 6x-Myc-Cdc25A was co-transfected with Cas9-endonuclease and
sgRNAs targeting the top DUB candidates obtained from the initial

PR-619 was used as a positive control. Among the DUBKO
library-based putative DUB candidates, USP3 was the
strongest candidate for regulating Cdc25A protein stability
(Fig. 2d). Next, we checked the level of Cdc25A protein
upon transient knockout and knockdown of USP3 in HeLa
cells via the CRISPR-Cas9 system and shRNA lentiviral
particles targeting USP3, respectively. The data demon-
strate that depletion of USP3 by either sShRNA or sgRNA
causes a significant downregulation in Cdc25A protein
turnover (Fig. 2e). The overexpression of USP3 (Fig. 3a,
lane 3) but not USP3CS (Fig. 3a, lane 4) increased the level
of the Cdc25A protein. In addition, depletion of USP3 by
either shRNA or sgRNA downregulated Cdc25A protein

screening. Exogenous Cdc25A expression was assessed using an anti-
Myc antibody. The graph in the right panel represent the expression of
the 6x-Myc-Cdc25A protein as estimated by ImageJ software. d HeLa
cells were transiently transfected with the sgRNAs for the putative top
DUB candidates and Cas9, and endogenous Cdc25A was analyzed. As
a positive control, HeLa cells were incubated with 10nM PR-619, a
common DUB inhibitor. The graph in the right panel represent the
expression of the Cdc25A protein as estimated by Imagel software.
e Western blot of endogenous USP3 and Cdc25A in HeLa cells
transfected with non-targeted sgRNA (mock) or sgRNA targeting
USP3 or transduced with control sShRNA or USP3 shRNA lentiviral
particles.

expression (Fig. 3a, lanes 5 and 6). We further demonstrated
that the expression of USP3 but not USP3CS could stabilize
Cdc25A protein levels in a dose-dependent manner (Fig. 3b
and Supplementary Fig. S7a).

We further quantitatively analyzed the effect of USP3 on
Cdc25A stabilization using a dual fluorescence [Discosoma
red fluorescent protein (DsRed) and enhanced green fluor-
escent protein (EGFP)] tagged reporter plasmid system
encoding the Cdc25A gene. Using that system, any event
that affects the stability of the Cdc25A protein could be
monitored by the changes in the DsRed/EGFP ratio in a
flow-cytometry analysis [21]. The DsRed signal indicates
the transfection efficiency, and the expression of EGFP is

SPRINGER NATURE
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Fig. 3 USP3 interacts with Cdc25A and regulates Cdc25A stabi-
lity. a HEK293 cells were transfected with 6x-Myc-Cdc25A alone or
in combination with Flag-USP3, Flag-USP3CS, and shRNA or
sgRNA targeting USP3. Western blot analyses were performed to
determine the exogenous Cdc25A protein level. b The endogenous
Cdc25A protein level in HeLa cells was analyzed upon transfection
with increasing concentrations of Flag-USP3 or Flag-USP3CS. ¢ The
change in the pAd-DsRed-IRES-EGFP-Cdc25A signal in the presence
of either Flag-USP3 or Flag-USP3CS was estimated by flow-
cytometry analysis. d—e The effect of E3 ligases, f-TRCP, and APC/
Cdhl1 on exogenous Cdc25A stability was determined in the presence
and absence of Flag-USP3 and Flag-USP3CS by transiently trans-
fecting HEK293 cells with the respective constructs. To block the
effect of the E3 ligases on Cdc25A, MG132 was applied for 6 h. f The
effect of E3 ligases (B-TRCP and APC/Cdh1) on DsRed/EGFP-tagged
Cdc25A in the presence and absence of Flag-USP3, Flag-USP3CS,
and MG132 was determined by transiently transfecting HEK293 cells

directly proportional to the Cdc25A protein level. We co-
transfected HEK293 cells with USP3 or USP3CS and the
Cdc25A reporter plasmid and monitored the EGFP
expression by flow cytometry and western blot analyses.
The DsRed/EGFP signal ratio showed a significant
increase in response to USP3 but not the catalytic mutant
(Fig. 3c and Supplementary Fig. S7b), while the DsRed
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with the respective constructs and a reporter plasmid encoding pAd-
DsRed-IRES-EGFP-Cdc25A. The DSRed/EGFP signal was estimated
by flow-cytometry analysis. The data shown here are the mean + SD
of three independent experiments (**P <0.005, ***P <0.0005, and
ns denotes non-significant). g The exogenous interaction between
Flag-USP3 and Myc-Cdc25A in HEK293 cells was evaluated by co-
immunoprecipitation assays. h Co-immunoprecipitation of endogen-
ous USP3 and Cdc25A from HeLa cells. The indicated cells were
treated with UV (20 J/mz). B-Tubulin and histone H3 were used as
cytoplasmic and nuclear markers, respectively. i An immuno-
fluorescence staining assay was performed to analyze the localization
patterns of USP3 and Cdc25A in HeLa cells. Because specific anti-
bodies against USP3 and Cdc25A are derived from the same species,
we transfected HeLa cells with either Flag-USP3 or Myc-Cdc25A and
then performed staining with Flag- and Cdc25A-specific antibodies or
Myc- and USP3-specific antibodies. Scale bar, 10 pm.

signal remained constant (Fig. 3c). A similar increase in
EGFP-Cdc25A expression upon co-transfection with Flag-
USP3 was observed in the western blots (Supplementary
Fig. S7c¢).

Cdc25A is unstable during the S phase and is degraded
through the B-TRCP and APC/Cdhl-mediated ubiquitin-
proteasome pathways [7, 22]. The destabilizing effect of
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B-TRCP and APC/Cdhl on Cdc25A was counteracted by
USP3 or the proteasomal inhibitor MG132 but not USP3CS
(Fig. 3d, e, lanes 4-6), which we further quantified by
comparing the change in the DsRed/EGFP signal ratio via
flow cytometry (Fig. 3f and Supplementary Fig. S7d) and
changes in the GFP-Cdc25A expression level via western
blot analyses (Supplementary Fig. S7e).

USP3 interacts with Cdc25A and co-localizes with
Cdc25A in the nucleus

Next, we demonstrated that Flag-USP3 and 6x-Myc-
Cdc25A interact with each other in HEK293 cells (Fig. 3g).
Similarly, ectopically expressed Flag-USP3 in HeLa cells
was found to co-precipitate endogenous Cdc25A and vice
versa (Supplementary Fig. S8a). A previous report showed
that Cdc25A undergoes rapid degradation in response to
genotoxic stress such as ultraviolet (UV) exposure [23].
Thus, we next investigated the interaction between endo-
genous USP3 and Cdc25A in the presence and absence of
UV-based DNA damage. Our results indicate that endo-
genous USP3 and Cdc25A interact with each other in
both conditions (Fig. 3h). Further, USP3 showed nuclear
co-localization with Cdc25A in HeLa cells (Fig. 3i). In
addition, USP3 was found to be co-localized with Cdc25A
at both the S phase and M phase of the cell cycle (Sup-
plementary Fig. S8b).

USP3 deubiquitinates and extends Cdc25A protein
half-life

In line with previous reports [24-26], endogenous Cdc25A
was found to be directly proportional to the dose of MG132,
indicating that Cdc25A undergoes 26S proteasomal degra-
dation (Supplementary Fig. S8c). To further support our
result, we used the TUBEs assay, which is a high affinity
probe for ubiquitinated proteins [27, 28]. Our data confirm
that Cdc25A undergoes rapid ubiquitination when HeLa
cells are stimulated with IL-1p, compared with non-
stimulated cells (Supplementary Fig. S8d). Next, we
checked the effect of USP3 on the Cdc25A mRNA level.
The RT-PCR data reveal that USP3 does not regulate the
transcription of Cdc25A (Supplementary Fig. S8e).
Therefore, we speculate that USP3 might function as a
deubiquitinase regulating Cdc25A protein stability. To
this end, we examined the polyubiquitination of Cdc25A
in the presence of USP3 or the catalytic mutant USP3CS,
along with the exogenous expression of ubiquitin in
HEK293 cells (Fig. 4a). We also analyzed endogenous
Cdc25A polyubiquitination in the presence of USP3,
USP3CS, or USP3 shRNA in HeLa cells (Fig. 4b).
Overexpression of USP3 led to a decrease in both

exogenous and endogenous Cdc25A polyubiquitination
(Fig. 4a lane 4 and Fig. 4b lane 3), but this reduction was
not found in response to USP3CS (Fig. 4a lane 5 and
Fig. 4b lane 4) or upon knockdown of USP3 (Fig. 4b, lane
5). A similar reduction in the level of polyubiquitinated
Cdc25A was observed in the presence of USP3 but not
USP3CS (Fig. 4c, lanes 3 and 4).

Further, the deubiquitinating activity of USP3 extended
the half-life of endogenous Cdc25A (Fig. 4d, lanes 4-6).
Interestingly, USP3 knockout in HEK293 cells caused a
severe reduction in the half-life of endogenous Cdc25A
compared with the mock control cells (Fig. 4e, lanes 4-6),
whereas treating the mock control cells with the protea-
some inhibitor MG132 led to accumulation of Cdc25A
protein (Fig. 4e, lanes 7-9). We further confirmed our
results by analyzing the half-life of exogenous Cdc25A in
the presence of Flag-USP3 or upon treatment with the
proteasomal inhibitor MG132. Overexpression of USP3
extended the half-life of exogenous Cdc25A (Supplemen-
tary Fig. S8f).

USP3 overexpression stimulates DNA damage
response

We next investigated the role of USP3 in cell-cycle pro-
gression by overexpressing USP3 or USP3CS along with
shRNA-mediated USP3 knockdown in HeLa cells. The
transfected samples were confirmed by western blot (Sup-
plementary Fig. S8g), and the same batch of transfected
cells was subjected to cell-cycle distribution analysis by PI
staining. The results show a significant accumulation of
cells in the S phase when USP3 is overexpressed, but not
USP3CS (Fig. 5a). In contrast, USP3-silenced cells showed
GO0/G1 phase accumulation, indicating an impairment of the
G1-S phase transition compared with the mock control
(Fig. 5a). Cdc25A wundergoes rapid, ubiquitin-mediated
proteasomal degradation in response to DNA damage by
genotoxic stress such as UV light, leading to checkpoint
activation and consecutive inhibition of DNA replication
[23]. The activation of oncogenes such as Cdc25A causes
DNA replication stress that induces DNA damage and
cancer progression. Thus, we predicted that overexpression
of USP3 might replicate that effect by stabilizing Cdc25A.
Interestingly, we observed a significant increase in phos-
phorylated histone-H2AX immune-positive cells, which are
a marker for double-stranded DNA breaks, in USP3-
overexpressing cells compared with the mock control
(Fig. 5b). In addition, upon genotoxic stress with etoposide,
USP3-overexpressing cells showed less apoptosis, whereas
USP3-silenced cells showed more apoptosis (as measured
by DNA content at the sub-G1 phase) than the mock con-
trols (Fig. 5c).

SPRINGER NATURE



3014 S. Das et al.
a b c
FlagUSP3CS — — — — + )
Flag-USP3 — — + - IP: IgG  Cdc25A IP: IgG  Cdc25A
Myc-Cdc25A — + + + + - - Uhiagtn
HAUbiquitin — — USP3 shRNA — o & HA-Ubiquitin + + +
quitin + o+ + FlagUSP3CS — - — +
— 240 kDa Flag-USP3CS — -+ - e .
= 140 kDa Flag-USP3 — + - - ag- — pt0kDn
o — 70 kDa MG132 + + + o+ — 140 kDa
2| HA — 50 kDa e HA - 70kDa
a — 35 kDa - 59 kDa
\ — 59 kDa — 50 kDa
My [ -] 72102 P - 240 02
240 KD v = 140 kDa
~ a < High | e _
— 140 kDa % Exmo 70 kDa
HA - bed > |- 59kDa
= =50 kD: w - - |- a
2 e “l_sse
E| Peg[  emewlssi T2 5 4 5 - 240100
.| HA — 70kDa
1 2 3 4 5 £ — 50 kDa
Flag w— — = 55 kDa
GAPDH | s« «m» @ — 37 kDa
1 2 3 4
d
CHX: 150 pg/mL Mock USP3 USP3CS - - Mock
Time (min) 0 20 40 0 20 40 0 20 40 3 1.5 = USP3
Flag‘ __:-l—ss kDa c + USP3CS
£1.0
Cd025A‘—-—r —— - ‘-59 kDa s -\\-
= § 0.5
GAPDH‘ m— |-37 kDa s
© 0.0 T T .
1 2 3 4 5 6 7 8 0 20 20
e
Mock+DMSO USP3KO+DMSO Mock+MG132
CHX: 150 pg/mL -- Mock
Time(min) 0 20 40 0 20 40 0 20 = USP3KO

USP3 ’-.-

40
— =52 kDa

Cdc25A ‘ —_— e ——=

——‘-59 kDa

GAPDH ‘-----.- - e @ |—37 kDa

1 2 3 4 5 6 7 8 9

Fig. 4 USP3 deubiquitinates Cdc25A and extends the half-life of
Cdc25A protein. a Myc-Cdc25A and HA-ubiquitin were co-
transfected into HEK293 cells with Flag-USP3 or Flag-USP3CS.
The cells were immunoprecipitated with Myc antibody, followed by
immunoblotting with HA antibody. b HeLa cells transfected with
Flag-USP3 or Flag-USP3CS or transduced with USP3 shRNA were
treated with MG132 (5uM) for 4h, and the polyubiquitination of
endogenous Cdc25A was examined. Immunoprecipitation was per-
formed with Cdc25A-specific antibody, followed by immunoblotting
with ubiquitin antibody. ¢ HeLa cells were transfected with Flag-
USP3, Flag-USP3CS, and HA-ubiquitin, and the polyubiquitination
of endogenous Cdc25A was examined. Immunoprecipitation was

Generation of single cell-derived knockout clones of
USP3 and Cdc25A in Hela cells

Given that Cdc25A removes inhibitory phosphorylation in
CDKs and plays a major role in the G1-to-S phase transition
[29, 30], we examined the role of USP3 in the cell-cycle
progression of HeLa cells by generating a single cell-
derived USP3KO and Cdc25KO clones. We designed
two sgRNAs specific to exon 1 and exon 3 in USP3
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performed with Cdc25A-specific antibody, followed by immunoblot-
ting with anti-HA antibody. d HEK293 cells transfected with empty
vector (mock), Flag-USP3, or Flag-USP3CS were treated with
cycloheximide (CHX) (150 ug/mL) for the indicated times. Cells were
harvested for immunoblotting with the indicated antibodies. The
expression of endogenous Cdc25A protein was estimated by Imagel
software and is represented graphically in the right panel. e Mock
control and USP3KO HEK?293 cells were incubated with CHX for the
indicated times. Cells were treated with either DMSO (control) or
MGI132 (5uM) for 4h prior to CHX treatment. The expression of
endogenous Cdc25A protein was estimated by Image] software and is
represented graphically in the right panel.

(Supplementary Fig. S9a, left panel) and two sgRNAs tar-
geting exon 1 of Cdc25A (Supplementary Fig. S10a, left
panel). We assessed the knockout efficiency of sgRNAI
and sgRNA2 in a pooled batch of transfected HeLa cells
using USP3 and Cdc25A-specific antibodies (Supplemen-
tary Figs. S9a and S10a, right panel). The pooled trans-
fected cells were diluted and seeded into 96-well plates.
Single cell-derived clones were then screened for USP3
and Cdc25A genes disruption by the T7E1 assay
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(Supplementary Figs. S9b and S10b). The T7El-positive
single cell-derived USP3 and Cdc25A knockout clones
showing a high indel percentage were subjected to Sanger
sequencing to confirm gene disruption (Supplementary
Figs. S9c¢ and S10d), and the protein expressions of
USP3 and Cdc25A were abolished in USP3KO#8 and
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Cdc25AKO#10 cell lines (Supplementary Figs. S9d and
S10c). Particularly, USP3KO#8 showed a significant
decrease in Cdc25A level compared with controls (Sup-
plementary Fig. S9d). An off-target analysis of USP3KO#8
and Cdc25AKO#10 showed no non-specific cleavages
(Supplementary Figs. S9¢ and S10e). We therefore used
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Fig. 5 Loss of USP3 destabilizes Cdc25A, leading to cell-cycle
arrest. a The cell-cycle status of HeLa cells transfected with Flag-
USP3 or Flag-USP3CS and USP3-silenced cells based on their DNA
content in a flow-cytometry analysis. The data presented here are the
mean + SD of three independent experiments. b The indicated cells
were further stained with a DNA damage marker, phosphorylated
H2AX (YH2AX, green staining). Blue staining indicates DAPI-labeled
nuclei. At least 200 cells per group from three independent experi-
ments were examined and are graphically represented (*P <0.05,
**P <0.005, and ns denotes non-significant). Scale bar, 50 um. ¢ Flag-
USP3- or Flag-USP3CS-transfected HeLa cells and USP3 knockdown
cells were treated with etoposide for 12 h and subjected to PI staining
to quantify sub-diploid G1 content. The data presented here are the
mean + SD of three independent experiments. d USP3KO HeLa cells
were reconstituted with ectopic expression of WT-USP3 or USP3CS,
and Cdc25AKO HelLa cells were transfected with WT-USP3, followed
by immunoblotting with p-CDK1 and the other indicated antibodies.
e The above-mentioned cells were immunostained with cleaved-PARP
antibody to determine the population of apoptotic cells upon treatment
with DMSO or etoposide. The cells expressing cleaved-PARP (green
fluorescence) were counted and normalized to the DAPI/nuclei (blue
fluorescence). At least 400 cells per group from three independent
experiments were examined and are graphically represented in the
right panel. Scale bar, 50 um. f Cells were used to estimate the per-
centage of apoptotic cells by PE annexin-V/7-AAD staining. The data
presented here are the mean + SD of three independent experiments
(*¥**P <0.0005 and ns denotes non-significant). g The indicated cells
were further immunostained with phospho-H3 (Ser10) antibody. The
cells expressing phospho-H3 (green fluorescence) were counted and
normalized to DAPI/nuclei staining (blue fluorescence). Scale bar,
50 um. At least 400 cells per group from three independent experi-
ments were examined and are graphically represented. The data
presented here are the mean+ SD of three independent experiments
(**P <0.005, ***P <0.0005, and ns denotes non-significant). h The
indicated asynchronously growing cells were pulsed with BrdU for 1 h
and then subjected to a flow-cytometry analysis to measure BrdU
incorporation into DNA. The data presented here are the mean + SD of
three independent experiments (***P <0.0005 and ns denotes non-
significant). i GFP-H2B-expressing USP3KO or mock control U20S
cells were observed using time-lapse microscopy for 12h. Images
were captured every 1 min. Scale bar, 15 um.

USP3KO#8 (hereafter called USP3KO) and Cdc25AKO#10
(hereafter called Cdc25AKO) for further functional studies.
HeLa cells co-transfected with Cas9 and scrambled sgRNA
were used as the vector control (mock).

USP3 regulates the Cdc25A-mediated cell-cycle
transition in Hela cells

Cdc25A phosphatase activates Cdkl by removing inhibi-
tory phosphatases from the Thr'* and Thr'> residues [31].
To investigate the role of USP3 in Cdc25A’s regulation of
Cdk1, we reconstituted USP3KO cells with either USP3 or
USP3CS, and Cdc25AKO cells were overexpressed with
USP3. The results show a rescue of endogenous Cdc25A
upon USP3 overexpression (Fig. 5d, lane 3) compared with
USP3KO cells (Fig. 5d, lane 2) but not upon expression of
USP3CS (Fig. 5d, lane 4). Furthermore, we found an
upregulation in the level of phospho-Cdkl (p-CdK1) upon
the loss of USP3 (Fig. 5d, lane 2), and reconstituting
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USP3KO with USP3 (but not USP3CS) caused a reduction
in the level of p-CdK1 (Fig. 5d, lanes 3 and 4). On the other
hand, Cdc25AKO cells showed more phosphorylation of
Cdkl than USP3KO cells (Fig. 5d, lane 5), and over-
expressing USP3 in Cdc25AKO cells did not alter the
expression of p-Cdkl compared with Cdc25AKO cells
(Fig. 5d, lane 6), indicating that the expression of Cdc25A
is critical to the level of Cdkl phosphorylation.

The same batch of cells were treated with etoposide and
subjected to a colony survival assay. The colony numbers
decreased severely upon USP3 knockout, and reconstitution
of USP3 (but not USP3CS) caused an increase in colony
numbers (Supplementary Fig. Slla, b). In contrast,
Cdc25AKO cells showed a severe decrease in colony
numbers compared with USP3KO cells, and overexpressing
USP3 in Cdc25AKO cells did not produce any significant
changes in colony numbers (Supplementary Fig. S1la, b),
suggesting that Cdc25A is a critical factor for cell growth,
proliferation, and survival. We treated the same batches of
cells with either DMSO or etoposide and then immunos-
tained them with an apoptotic marker (cleaved-PARP). We
found more apoptotic USP3KO cells and Cdc25KO cells
than mock control cells (Fig. 5Se). In addition, when we
stained these cells with PE annexin-V/7-AAD, we also
found more apoptotic USP3KO cells than mock control
cells (Fig. 5%).

Next, we immunostained the cells with a phospho-H3
(Ser10) antibody that binds with mitotic chromosomes
when histone H3 is phosphorylated. A reduction in the
expression of phospho-H3 was observed in the USP3KO
cells compared with the mock control, and the decrease
was even more severe in the Cdc25AKO cells (Fig. 5g).
Consistent with these results, the USP3KO cells incor-
porated less BrdU than the mock controls, indicating that
fewer cells had entered the S phase, and reconstitution of
USP3 (but not USP3CS) led to an upregulation in BrdU
incorporation (Fig. 5h). We next synchronized the mock
cells and USP3KO cells at mitosis with nocodazole for
mitotic arrest. The USP3KO cells showed a relatively
slow mitotic exit upon mitotic release (Supplementary
Fig. S12). In addition, we monitored the cell division of
mock and USP3-deficient cells at defined times using
time-lapse microscopy. The cell division time was
delayed by USP3 knockdown (Fig. 5i, Supplementary
movie S2) compared with the mock control (Fig. 5i,
Supplementary movie S1), further indicating that USP3
plays a role in maintaining the Cdc25A stability required
for proper cell-cycle progression.

USP3 regulates the oncogenic potential of Cdc25A

In mammalian cells, replication stress is sensitized and sup-
pressed by a signaling cascade led by the ATR kinase [32, 33].
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Recently, a genome-wide screening report showed that
Cdc25A is abundantly expressed in tumors that are sensitive
to ATR inhibitors, and Cdc25A deficiency renders mam-
malian cells resistant to ATR inhibitors [34]. Therefore, we
speculated that USP3KO cells would show similar resis-
tance to ATR inhibitors due to Cdc25A destabilization. To
test that idea, we treated mock control, USP3KO, USP3KO
reconstituted with USP3 or USP3CS, Cdc25AKO, and
Cdc25AKO cells overexpressed with USP3 with ATR
inhibitors (caffeine and AZ20). Notably, the USP3KO and
Cdc25AKO cells showed significant resistance to high
doses of ATR inhibitors, whereas reconstitution of
USP3KO cells with USP3 (but not USP3CS) induced sen-
sitivity to ATR inhibitors (Fig. 6a). To corroborate the role
of USP3-promoted Cdc25A stabilization in cellular pro-
liferation, the cells were subjected to various assays
examining carcinogenesis-related activity. USP3KO and
Cdc25AKO cells showed a significant reduction in cell
viability (Fig. 6b), invasion rate (Fig. 6¢c and Supplementary
Fig. S13a), and migration (Fig. 6d and Supplementary
Fig. S13b) compared with the mock control. However,
rescue of USP3 in USP3KO cells caused an increase in
carcinogenic behavior (Fig. 6b—d).

Further, we performed anchorage-independent colony
formation assays. Those results show that knockout of USP3
and Cdc25A impeded the colony formation of HeLa cells
(Fig. 6e). In line with our previous observations, these results
indicate that USP3 has a Cdc25A-dependent carcinogenic
function in human cervical cancer cells (Fig. 6e). To further
corroborate the effect of USP3 on Cdc25A-dependent
oncogenic transformation, we generated USP3KO cells sta-
bly expressing Cdc25A and analyzed by western blot
(Fig. 6f). We subcutaneously transplanted those cells into
NSG mice and recorded the tumor growth every other day
for 4 weeks. In the NSG mice transplanted with USP3KO
cells, the tumor growth was significantly suppressed com-
pared with the mice that received mock control cells, whereas
the overexpression of Cdc25A in USP3KO cells led to a
significant increase in tumor volume (Fig. 6g), and weight
(Fig. 6h). Furthermore, our immunohistological analysis of
the tumor tissues showed that both USP3 and Cdc25A levels
were significantly decreased in USP3KO tumor samples
compared with the mock controls (Fig. 6j).

Evaluation of USP3 and Cdc25A as cancer
biomarkers

We next examined the expression levels of Cdc25A and
USP3 individually using TCGA data in several cancer types
for which normal-tumor matched RNAseq expression data
were available. Cdc25A was significantly upregulated in
75% (15 of 20) of cancer types (Supplementary Fig. S14),
and USP3 was significantly upregulated in 35% (7 of 20) of

cancer types (Supplementary Fig. S15). The TCGA cohorts
showed a possible regulatory link between the expression
levels of Cdc25A and USP3 because 85.7% of the cancer
types (6 of 7) that showed higher expression of USP3 in
tumor tissues also showed higher expression of Cdc25A in
tumor tissues (Fig. 7a and Supplementary Figs. S14 and
S15). Among them are some of the most prevalent cancer
types, including breast invasive cancer (BRCA), liver hepa-
tocellular carcinoma (LIHC), lung adenocarcinoma (LUAD),
prostate adenocarcinoma (PRAD), bladder urothelial carci-
noma (BLCA), cholangiocarcinoma, and testicular germ cell
tumors demonstrating a significant correlation between
Cdc25A-USP3 upregulation and tumorigenesis. Likewise,
immunoblotting showed that the expression of Cdc25A
correlated positively with USP3 expression in several human
cancer cell lines (Fig. 7b).

We next used a Kaplan—Meier analysis of TCGA sur-
vival data to investigate whether elevated expression levels
of USP3 and Cdc25A could serve as a prognostic marker
predicting patient survival. Out of 32 tumor types with OS
data available, the patient group with the highest expression
of Cdc25A was significantly associated with worse survival
in 9 tumor types [acute myeloid leukemia (ACC), lower-
grade glioma (LGG), LIHC, LUAD, kidney chromophobe,
sarcoma, kidney renal clear cell carcinoma, mesothelioma,
and skin cutaneous melanoma and with better survival in
only 3 tumor types (uveal melanoma, colon adenocarci-
noma, and stomach adenocarcinoma)] (Supplementary
Fig. S16). On the other hand, high expression of USP3 was
associated with worse survival in three tumor types [ACC,
BRCA, and pancreatic adenocarcinoma] and better survival
in two brain tumor types [LGG and glioblastoma multi-
forme (GBM)] (Supplementary Fig. S17). Notably, high
expression of both Cdc25A and USP3 was associated with
poor survival in ACC (Supplementary Figs. S16 and S17).

Finally, we explored the possibility that USP3 and
Cdc25A could act as biomarkers in breast cancer because
(1) Cdc25A has been identified as a therapeutic target in
early stage breast cancer and triple negative breast cancers
(36, 37), (2) high expression of Cdc25A was associated
with poor patient survival in a compendium of breast cancer
patients [35, 36], and (3) high expression of USP3 corre-
lated with a poor survival rate in breast cancer patients
according to our analysis (P =0.0264) (Fig. 7c). We con-
firmed experimentally (western blotting) that the expression
of Cdc25A and USP3 was strongly correlated in several
breast cancer cell lines (Fig. 7d). Furthermore, we investi-
gated USP3 and Cdc25A expression in 12 breast cancer
tissues obtained from the ISU ABXIS cohort and found that
both proteins were frequently upregulated in these tumors
(Fig. 7e and Supplementary Fig. S18). Together with the
fact that both Cdc25A and USP3 are upregulated in BRCA,
these results suggest that the Cdc25A-USP3 axis could
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Fig. 6 The role of USP3 in the pathogenesis of cancer. a To evaluate
the role of USP3 in Cdc25A-mediated sensitivity to ATR inhibitors,
empty vector (mock) HeLa cells, USP3KO cells, USP3KO cells
reconstituted with USP3 or USP3CS, Cdc25AKO cells, and
Cdc25AKO cells overexpressed with USP3 were treated with AZ20 or
caffeine for 48 h and then subjected to the CCK-8 cell proliferation
assay. The data presented here are the mean + SD of three independent
experiments (***P <0.0005 and ns denotes non-significant). b The
cell proliferation rate in the above-mentioned cells was assessed by
CCK-8 assay. The data presented here are the mean+SD of three
independent experiments (***P <0.0005 and ns denotes non-sig-
nificant). ¢ In vitro invasion ability was examined using a Transwell
invasion assay. The data presented here are the mean +SD of three
independent experiments (***P <0.0005 and ns denotes non-sig-
nificant). d A wound healing assay was performed to evaluate the
migration of the indicated cells. Cells were cultured in fetal bovine
serum-free medium during the experimental period, and the wound
closure percentage was calculated. The area of the wound was esti-
mated by ImagelJ software at 0 and 12 h and is represented graphically.

serve as a prognostic marker and novel regulatory target in
breast cancer.
Discussion
Our genome-scale loss-of-function screening library for
functional DUBs from individually generated USP knock-

out mammalian cell lines provides a method that is
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The data presented here are the mean=+SD of three independent
experiments. e A soft-agar colony formation assay was performed
using the indicated cells. The numbers of colonies were quantified and
are represented graphically. The data presented here are the mean + SD
of three independent experiments (***P < 0.0005 and ns denotes non-
significant). f Mock, USP3KO, and HA-Cdc25A stably expressing
USP3KO HeLa cells were analyzed by immunoblotting with the
indicated antibodies. g The volume of subcutaneous tumor xenografts
from mock, USP3KO, and HA-Cdc25A-expressing USP3KO HeLa
cells was measured every other day after injection. Data points
represent the mean + SD of five mice per group (***P <0.0005 and ns
denotes non-significant). h The tumor weight from each mouse was
recorded and is represented graphically. The data presented here are
the mean + SD of three independent experiments (***P <(0.0005 and
ns denotes non-significant). i Representative xenograft tumors are
shown. j Tumor tissue derived from mouse xenografts was subjected
to immunohistochemical staining with USP3- and Cdc25A-specific
antibodies. Scale bar = 150 pm.

mechanically distinct from RNAi and shRNA-based DUB
screening. The main difference between the approaches is
that the RNAi and shRNA-based methods often cause
partial repression or restoration of gene function in a few
generations and are temporary, whereas DUBKO introduces
a complete loss-of-function mutation into genomic DNA,
and its effect is permanent. In this study, we used the
CRISPR-Cas9 technique to individually target genes for all
members of a DUB subfamily. We then generated single
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Fig. 7 USP3 overexpression in human breast cancer correlates
with increased Cdc25A expression and poor prognosis. a Expres-
sion box plot showing significant differential expression of USP3 and
Cdc25A in normal vs. tumor tissues using normal-tumor matched
breast cancer patient RNAseq data from TCGA (P value <0.05).
b Endogenous expression of USP3 and Cdc25A in different cancerous
and non-cancerous cell lines (HEK293 and hDPSc). ¢ Kaplan—-Meier
survival curves. Breast cancer patients were divided into two groups

cell-derived DUBKO clones to screen functional DUBs for
two main reasons. First, pooled batches of transfected cells
targeting USPs generally contain a small fraction of cells
modified with nuclease-induced genome editing, giving
imprecise or false positive results. Second, some indel
mutations in USP genes are expected to maintain the
reading frame, which is critical because incomplete
knockdown retains gene function and leads to the mis-
interpretation of results.

USP3 was recently implicated in the carcinogenesis and
prognosis of gastric cancer [37]. A study has also shown that
USP3 reverses double strand break-induced histone ubiquiti-
nation and delays S phase progression [38]. Another study
reported that a USP3-deleted mouse model had a shorter life
span and increased cancer incidence compared with the
controls [39]. In this study, we focused on the Cdc25A
oncoprotein, which is associated with high-grade tumors and
poor prognosis [40]. In conclusion, our study is the first
attempt to perform genome-scale screening of functional USP
family proteins using single cell-derived clones, and it iden-
tifies USP3 as a stabilizer of Cdc25A phosphatase during cell-
cycle progression and tumorigenesis. We speculate that USP3

b D
Normal

Patient #5

YR e

kY AN areN
Tumor 30 ym

Normal

based on USP3 expression, and the overall survival data from the high
and low groups were used for the Kaplan—-Meier analysis (P value <
0.05). d Endogenous expression of USP3 and Cdc25A in human
breast cancer cell lines. e Representative immunohistochemical stain-
ing of endogenous USP3 and Cdc25A in human invasive ductal
carcinoma of the breast (Tumor) and non-neoplastic tissue (Normal).
Scale bar =30 um.

and Cdc25A could be critical targets for effective cancer
therapeutics.
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