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Survivin is a component of the chromosomal passenger com-
plex, which includes Aurora B, INCENP, and Borealin, and is
required for chromosome segregation and cytokinesis. We per-
formed a genome-wide screen of deubiquitinating enzymes for
survivin. For the first time, we report that USP19 has a dual role
in the modulation of mitosis and tumorigenesis by regulating
survivin expression. Our results found that USP19 stabilizes
and interacts with survivin in HCT116 cells. USP19 deubiqui-
tinates survivin protein and extends its half-life. We also found
that USP19 functions as a mitotic regulator by controlling the
downstream signaling of survivin protein. Targeted genome
knockout verified that USP19 depletion leads to several mitotic
defects, including cytokinesis failure. In addition, USP19
depletion results in significant enrichment of apoptosis and re-
duces the growth of tumors in the mouse xenograft. We envi-
sion that simultaneous targeting of USP19 and survivin in
oncologic drug development would increase therapeutic value
and minimize redundancy.

INTRODUCTION

Apoptosis is a physiological cell death process that is pivotal for the
maintenance of healthy cells and tissues.' > Dysregulation between
the balance of apoptosis and proliferation results in cancer.” The in-
hibitor of apoptosis protein (IAP) family is an important family of
proteins involved in the blocking of apoptotic cell death.” Cancer cells
use numerous evasion approaches to avoid being detected or eradi-
cated by immune cells. Resistance to apoptosis is one of the impera-
tive evasion strategies through which cancer cells escape detection
and enhance proliferation. Hence, proteins associated with the regu-
lation of apoptosis hold significant importance and can be potential
targets for tumor therapy.’

The IAP family is characterized by a domain of approximately 70
amino acids known as the baculoviral IAP repeat (BIR). The
mammalian genome encodes eight IAP family members BIRC1-8.
Among these, BIRC5 (the gene that encodes survivin protein) con-
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tains a BIR domain that suppresses apoptosis and is organized struc-

6—

turally as a stable dimer.°

cers'’”'* and is the fourth most highly expressed protein in human

. . 15 ..
cancer tissues compared to normal control tissues. ~ Survivin dysre-

9 . .
Survivin is overexpressed in several can-

gulates apoptosis by blocking caspase activation and also alters sensi-
tivity to antitumor drugs, resulting in disease survival or recurrence.’
Owing to its indisputable role in cancer, blocking the survivin onco-
gene or factors that stabilize the survivin protein by various immuno-
therapeutic or molecular approaches are promising therapeutic stra-
tegies in cancer.’

Survivin is also a key factor expressed in the G2/M phase of the cell
cycle. The chromosomal passenger complex (CPC) is a hetero-tetra-
meric complex that is composed of four subunits: the three regulatory
and targeting components survivin, inner centromere protein
(INCENP), and Borealin, and the enzymatic component Aurora
B.'° CPC targets different locations at differing times during mitotic
progression and regulates key mitotic events such as the correction of
chromosome-microtubule attachment errors, regulation of the spin-
dle assembly checkpoint, and cytokinesis.'” Survivin associates with
microtubules during the early stage of mitosis. Any disruption of sur-
vivin-microtubule interactions leads to loss of survivin-dependent
anti-apoptotic property that results in cell death during mitosis."®
In cancer cells, a high level of survivin expression overcomes the
apoptotic checkpoint and promotes the aberrant progression of trans-
formed cells through mitosis."
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Post-translational modifications such as ubiquitination and deubiqui-
tination are essential processes that regulate protein turnover to
maintain cell homeostasis and cellular events.'* Deubiquitinating
enzymes (DUBs) are crucial in anticancer therapeutics as they can
reverse the process of ubiquitination by removing ubiquitin mole-
cules from cancer-related proteins targeted for degradation.'®™!
Ubiquitin-specific proteases (USPs) form the largest subfamily of
DUBs, comprising approximately 50 members.”” Growing bodies of
evidence prove that DUBs are key factors regulating cell division
and tumorigenesis.”>>> A study has reported that USP19 regulates
the activity of c-IAP1 and c-IAP2, which are crucial for the correct
function of the cell cycle.”® In addition, the ubiquitin-proteasome
pathway has been found to regulate survivin degradation in a cell-cy-
cle-dependent manner, and the BIR domain of survivin is essential for
maintaining its stability at the G2/M phase.”” Moreover, survivin has
been found to undergo deubiquitination by USP9X, and it regulates
chromosomal alignment and segregation during the process of
mitosis.”® To our knowledge, a screen for DUBs that regulate the sur-
vivin protein and its importance in mitosis and tumorigenesis has not
been reported. Thus, we initiated this study to screen systematically
for potential DUBs that regulate survivin protein in cancer cells
and its functions using our recently developed CRISPR-Cas9-medi-
ated DUB knockout (KO) library.”

In the present study, a loss-of-function genome-wide screening of
DUBs through the CRISPR-Cas9 system identified USP19 as a novel
protein stabilizer of survivin. We demonstrated that USP19 is a
potential protein interactor of survivin and regulates survivin protein
turnover by preventing its degradation through the ubiquitin-protea-
somal pathway. Loss of USP19 leads to several mitotic defects in cancer
cells and also suppresses tumor growth. Altogether, our results have
elucidated the dual role of USP19 in regulating cancer cell mitosis
and tumorigenesis.

RESULTS

Genome-scale screening of the ubiquitin-specific protease
subfamily for survivin protein using the DUB KO library

Recently, we have reported the generation of a CRISPR-Cas9-medi-
ated DUB KO library to screen putative DUBs for the protein of in-
terest.””*" The single-guide RNAs (sgRNAs) targeting entire sets of
genes encoding USP subfamilies along with Cas9 were co-transfected
into HCT116 cells. A variation in endogenous survivin protein levels
caused by the loss of function of a particular DUB was analyzed by
western blotting (Figure 1A). We found that the KO of USP3,
USP9X, USP17 and USP19 reduced the endogenous level of survivin
protein when compared with mock (Figure 1B). Among these puta-
tive DUBs, USP9X has been previously reported to regulate survivin
stability by its deubiquitinating activity.”® Interestingly, we noticed
that sgRNA targeting USP19 showed a higher reduction in survivin
protein levels compared to USP9X (Figure 1B). Moreover, the
cross-confirmation of all of the putative DUBs on survivin protein
showed USP19 as the strongest candidate compared to other putative
DUBs (Figure 1C). To further corroborate the effect of USP19 on
survivin protein levels, we transfected sgRNA targeting USP19 in

SW480, SW620, and HT29 cells. The USP19 knockdown showed a
reduction in survivin protein in all of the cell lines tested
(Figures 1D-1F). Therefore, our results suggested that USP19 may
be a potential DUB regulating survivin protein.

USP19 positively regulates survivin protein levels

To determine whether USP19 could stabilize the protein levels of sur-
vivin, we transfected HCT116 cells with increasing concentrations of
FLAG-USP19. We found that USP19 stabilized the endogenous sur-
vivin level in a dose-dependent manner (Figure 2A), and a similar
result was observed at the exogenous level (Figure 2B). In contrast,
the dose-dependent increase of catalytic mutant USP19 (FLAG-
USP19C506A), showed no stabilizing effect on survivin protein at
both endogenous (Figure 2C) and exogenous (Figure 2D) levels.
These results indicate that USP19 may act as a protein stabilizer of
survivin through deubiquitinating activity.

Next, we observed that the reduction of survivin expression upon
knockdown of USP19 was rescued by the reconstitution with
FLAG-USP19 in USP19-depleted cells both at endogenous (Fig-
ure 2E, lane 3) and exogenous levels (Figure 2F, lane 4). However,
the reconstitution of FLAG-USP19CA in USP19-depleted cells
failed to rescue the survivin level endogenously (Figure 2E, lane
4) Altogether, these data suggest that USP19 regulates survivin pro-
tein stability.

USP19 interacts and co-localizes with survivin

To delineate the molecular mechanisms by which USP19 regulates
the function of survivin protein, we analyzed the interaction between
USP19 and survivin under physiological conditions. Endogenous co-
immunoprecipitation analysis using specific antibodies against
USP19 or survivin demonstrated that USP19 interacts with survivin
and vice versa in HCT116 cells (Figure 2G). Consistent with this
result, ectopically expressed FLAG-USP19 was co-precipitated with
GFP-survivin in HCT116 cells and vice versa (Figure 2H), indicating
that USP19 interacts with the survivin protein at both endogenous
and exogenous levels.

USP19 deubiquitinates and extends the half-life of the survivin
protein

Previous studies have demonstrated that survivin undergoes ubiqui-
tin-mediated proteasomal degradation.”””" To check the effect of
USP19 on survivin ubiquitination, we performed an endogenous deu-
biquitination assay to analyze the polyubiquitination status of survi-
vin by transfecting wild-type (WT) or mutant USP19 or sgRNA
targeting USP19 in HCT116 cells. We observed that USP19 WT
significantly reduces the polyubiquitination of endogenous survivin
compared to mock (Figure 3A, lane 3 versus lane 2) but not
USP19CA (Figure 3A, lane 4 versus lane 2). In contrast, USP19
knockdown showed a dramatic increase in the polyubiquitination
smear of survivin compared to mock (Figure 3A, lane 2 versus lane
2). Likewise, an exogenous deubiquitination assay also showed a
greater reduction in the polyubiquitin smear on survivin in the
presence of USP19 but not with USP19CA (Figure 3B).
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Figure 1. CRISPR-Cas9-based genome-scale screening of USP family proteins for survivin
(A) Schematic representation of a DUB knockout (KO) library screening system. Day 0: HCT116 cells were seeded at a density of 3.5 x 10° cells/well on 6-well plates and
maintained in RPMI. Day 1: DUB KO library consisting of sgRNAs individually targeting an entire set of USP family members along with Cas9 were co-transfected using Lip-
ofectamine 2000 in HCT116 cells. Day 2: The RPMI medium was replaced with complete medium containing puromycin (1.5 pg/mL). Days 3-5: HCT116 transfected cells
were allowed to grow under puromycin selection. Day 6: The transfected HCT116 cells were harvested and western blot was performed using survivin antibody. (B) western
blot analysis showing endogenous survivin expression levels. (C) western blot analysis of putative DUB candidates in HCT116 cells. (D-F) Validation of the effect of USP19 on
survivin protein expression in (D) SW480, (E) SW620, and (F) HT29 cell lines.
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Figure 2. USP19 regulates survivin protein stability
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(A) The effect of USP19 on endogenous survivin protein expression was determined in HCT116 cells. (B) Exogenous protein levels of survivin in HCT116 cells were analyzed
upon transfection with increasing concentrations of FLAG-USP19, along with a constant amount of FLAG-survivin. (C) The effect of the catalytic mutant form of USP19
(USP19C506A) on endogenous survivin protein was analyzed upon transfection with increasing concentrations of USP19C506A. (D) The effect of USP19C506A on exog-
enous survivin protein was analyzed upon transfection with increasing concentrations of USP19C506A, along with a constant amount of FLAG-survivin in HCT116 cells.
Western blot analysis was performed with the indicated antibodies. (E and F) HCT116 cells were transfected with indicated plasmids to check the reconstitution effect of
USP19 in USP19-depleted cells on survivin by western blot analysis at an (E) endogenous or (F) exogenous level. (G and H) Interactions between (G) endogenous and
(H) exogenous USP19 and survivin were analyzed in HCT116 cells. Cell lysates were immunoprecipitated with USP19- or survivin-specific antibodies and immunoblotted

with indicated antibodies.

To further validate the loss of function of USP19-mediated post-
translational regulation of survivin, we generated single-cell-derived
USPI9 KO clones using the CRISPR-Cas9 system in the HCT116
cell line. To achieve this, we designed two sets of sgRNAI and
sgRNA2 targeting exon 1 and exon 2 of the USP19 gene, respectively
(Figure 3C, top panel). The HCT116 cells were co-transfected with
sgRNAs targeting USP19 along with Cas9 and the cleavage efficiency
was analyzed using a T7E1 assay. As shown in Figure S1A, sgRNA1
showed significant cleavage efficiency exhibiting a higher indel per-
centage than sgRNA2.

To obtain single cell-derived KO clones, transfected cells were
selected with puromycin and diluted into 96-well plates for single-
cell clonal selection. Single cell-derived clones were then screened
for USP19 gene disruption using a T7E1 assay. The T7E1" single-
cell-derived USP19 KO clones showing cleavages (Figures SIB and
S1C) were subjected to western blotting to check for USP19 expres-
sion and its effect on survivin protein. As a control batch, mock clones
were also subjected to single-cell dilution using scrambled sgRNAs.
Western blot analysis revealed that clones #5, #10, and #11 showed
complete disruption of USP19 expression (Figure S1D). Moreover,
USP19 KO#5 decreased survivin expression significantly compared
to mock and other clones. Sanger sequencing results demonstrated
that the USP19KO clone#5 (hereafter, USP19KO) displayed out-of-
frame mutations (Figure 3C, bottom panel).

We further validated the KO efficiency of USP19 and its effect on sur-
vivin by qPCR and western blot. Both mRNA and protein levels of
USP19 were completely disrupted in the USPI9KO group
(Figures 3D and 3E). In addition, the USP19KO clone displayed a sig-
nificant reduction in survivin protein (Figure 3E) but not at the
mRNA level (Figure 3D, right panel), indicating that USP19 does
not regulate survivin at the transcriptional level. To further support
our result, we used the tandem ubiquitin binding entities (TUBEs)
assay, which has a high-affinity probe for ubiquitinated proteins.*”
Our data confirmed a high ubiquitin smear on survivin in
USP19KO cells compared with mock cells (Figure 3F), indicating
that the loss of USP19 enhances the ubiquitination of survivin. These
results showed that USP19 regulates survivin expression at the post-
translational level.

Based on the above observations, we hypothesized that USP19 may
influence survivin protein turnover. To this end, we treated protein
synthesis inhibitor cycloheximide (CHX) in the presence or absence
of USP19 in HCT116 cells. We observed a dramatic reduction in
the half-life of survivin in USP19KO cells compared to mock (Fig-
ure 3G). The reduced half-life of the survivin protein was rescued
when USP19KO cells were reconstituted with FLAG-USP19, while
USP19CA had no effect (Figure 3G). Collectively, these data indicated
that USP19 regulated survivin protein turnover by deubiquitinating
activity.
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Figure 3. USP19 deubiquitinates survivin and extends the half-life of survivin protein

(A and B) The deubiquitinating activity of (A) endogenous and (B) exogenous USP19 on survivin protein was performed in HCT116 cells. HCT116 cells were transfected with
indicated constructs and treated with 5 M MG132 for 6 h before harvesting the samples. Next, survivin-specific antibodies were used to immunoprecipitate endogenous
survivin protein or GFP antibody was used to immunoprecipitate exogenous survivin, and the polyubiquitination status of endogenous or exogenous survivin in the presence
or absence of FLAG-USP19 or FLAG-USP19C506A was analyzed by western blotting. (C) Schematic representation shows the sgRNA design strategy to target the USP79
gene to generate a stable USP19 KO cell line in HCT116 cells (top panel). The bottom panel shows the Sanger sequence results of the USP19KO clone#5 cell line. (D) The
gPCR analysis was performed to validate the USP19KO efficiency and USP19KO effect on survivin mRNA level in HCT116 cells. Data are presented as the means and stan-
dard deviations of 3 independent experiments. A 2-tailed t test was used, and the p values are as indicated. (E) Western blot analysis was performed to check the effect of
USP19 and survivin protein levels in mock and USP19KO cells. (F) TUBE assay was performed to assess the loss of USP19 on ubiquitination status of survivin in mock and
USP19KO HCT116 cells. (G) Mock, USP19KO, and USP19KO reconstituted with either FLAG-USP19 WT or FLAG-USP19C506A transfected HCT116 cells were used to
analyze the half-life of survivin. CHX (150 pg/mL) was treated for the indicated time intervals and harvested for western blotting with the indicated antibodies. Data are pre-
sented as the means and standard deviations of 3 independent experiments. Two-way ANOVA followed by Tukey’s post hoc test was used with the indicated p values.
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USP19 functions in mitosis

Over the past year, studies have shown that the role of survivin in
cancer pathogenesis is not limited to apoptosis inhibition, but is
also involved in the regulation of mitosis.”>** It is known that
Taxol binds to microtubules and induces mitotic arrest.”> We
treated both mock and USP19KO groups with Taxol and found
that Taxol-induced mitotic arrest was observed in the mock group,
whereas USP19KO mostly displayed multi-lobed nuclei and
severe nuclear abnormalities (Figure S2). These morphologies
demonstrated that the loss of USP19 interferes with the spindle
checkpoint function in Taxol-treated cells. To validate the effect
of USP19 in mitosis, we optimized live-cell imaging of mock or
USP19KO cells transfected with GFP-H2B. The nuclear envelope
breakdown (NEBD) to the mitotic exit in living cells using time-
lapse microscopy revealed that the mitotic timing was delayed in
the USP19KO group compared to mock (Figure 4A; Videos Sl
and S2).

In the live-cell imaging analysis, the USP19KO group displayed a high
frequency of mitotic defects such as chromosome misalignments, lag-
ging chromosomes, and chromatin bridges. However, the overexpres-
sion of survivin in USP19KO group displayed reduced mitotic defects
compared to USP19KO group (Figures 4B and 4C; Videos S3-56). We
also found that USP19KO groups failed cytokinesis at significantly
higher rates than mock groups (Figures 4D and 4E; Videos S7 and
S8). These phenotypical defects caused by USP19 depletion were
again re-confirmed by analyzing fixed cells. Multi-nuclear pheno-
types, an evidence of cytokinesis failure, were frequently observed
in USP19KO groups at the late telophase (Figure 4F). In addition,
spindle multi-polarity occurred frequently in USP19KO mitotic
cells (Figure 4G). The defects observed in the USP19KO group
were significantly rescued by the overexpression of USP19 WT,
but not with catalytically mutant USP19 (Figure 4G), which suggests
that USP19 DUB activity is critical during mitotic progression.

USP19 affects survivin functions in mitosis
A previous study reported that survivin-depleted cells display a
reduction in the levels of phospho-histone H3, which is a substrate

Molecular Therapy

of survivin.*®

Thus, we questioned whether USP19 could regulate
the functions of survivin, and used the phospho-histone H3 as an
indicator of survivin downstream signaling. By immunofluorescence
staining, we noticed a reduction of histone H3 phosphorylation in
USP19KO compared to mock (Figures 5A and 5B). Reconstitution
of USP19 WT in the USP19KO group reversed the effect but
USP19CA failed to do so (Figures 5A and 5B). Western blot analysis
also showed that the depletion of USP19 lowered both phospho-his-
tone H3 and survivin protein levels in nocodazole-treated cells.
These levels were restored by the expression of USP19 WT, but
not by USP19CA (Figure 5C), suggesting that USP19-mediated deu-
biquitination modulates survivin stability, subsequently altering its
function. We also noticed that USP19 regulates mitotic functions
by stabilizing survivin, but not other CPC members INCENP and
Aurora B, suggesting the specificity of the USP19 effect on survivin
function.

Next, we checked the USP19 function on mitotic progression in
nocodazole-arrested cells. As shown in Figure 5D, the loss of
USP19 reduced the survivin protein level, whereas the MG132-
treated USP19KO cells accumulated survivin protein (Figure 5D,
lanes 2 and 4). The expression of phospho-histone H3, a mitosis
specific marker was also reduced in USP19KO cells (Figure 5D,
lanes 2). Interestingly, the reduced expression of phospho-histone
H3 could not be regained even after MG132 treatment (Figure 5D,
lane 4), suggesting that the loss of USP19 significantly hampered
the mitotic progression of the cells. Altogether, we concluded
that USP19-mediated deubiquitination of survivin could affect
its downstream signaling, which is required for successful mitotic
progression.

Correlation between USP19 and survivin in cancers

We used the DepMap portal”” to analyze USP19 and survivin
mRNA levels from an array of cancers. We observed that high
scores for USP19 mRNA expression in any cancer cell line were
directly proportional to the mRNA expression of survivin (Fig-
ure 6A; Table S1). A scatterplot of the expression patterns of
USP19 and survivin produced an r-value of 0.3643 in the overall

Figure 4. USP19 is required for successful mitotic progression

(A-E) Mock or USP19KO HCT116 cells were transfected with GFP-H2B, synchronized using thymidine and released into fresh medium. Cells were then monitored using a time-
lapse microscope for 12 h and images were taken at 3-min intervals. The results were from 3 independent experiments. (A) Screenshots taken from the time-lapse microscopy of
mitotic cell populations (n = 25). NEBD to the mitotic exit was estimated in the mentioned groups and graphically represented. Representative images were formed by merging
GFP-H2B fluorescence and phase-contrastimages. Scale bar, 25 um. Data are presented as the means and standard deviations. A 2-tailed t test was used, and the p value is as
indicated. (B) Screenshots taken from time-lapse microscopy at the indicated times from NEBD (occurred at 00:00). The anaphase onset is denoted by the red arrowhead.
Yellow arrowheads show misaligned or lagging chromosomes, chromatin bridges, or improperly separated chromosomes. Scale bar, 10 um. (C) Graphical representation
of the quantification of mitotic defects from time-lapse videos (n = 10). Data are presented as the means and standard deviations of 3 independent experiments. Two-way
ANOVA followed by Bonferroni post hoc test was used, and p values are as indicated. (D) Time-lapse microscopic images of cells undergoing mitosis and cytokinesis. Repre-
sentative images were formed by merging GFP-H2B fluorescence and phase-contrast images. Scale bar, 25 um. (E) Quantification of cytokinesis failure from time-lapse videos
(n = 35). Data are presented as the means and standard deviations of 3 independent experiments. A 2-tailed t test was used, and the p value is as indicated. (F) Mock or
USP19KO HCT116 cells were stained with TPX2 antibody (n = 5). Immunofluorescence analysis was performed to check bi- or multi-nuclei conditions and graphically repre-
sented. Scale bar, 10 um. Data are presented as the means and standard deviations of 5 independent experiments. A 2-tailed t test was used, and the p value is as indicated. (G)
Mock, USP19KO, and USP19KO cells transfected with USP19 WT or USP19CA and immunofluorescence staining was performed using TPX2-specific antibody (n = 25).
HCT116 cells showing multi-spindles were counted after immunofluorescence staining and graphically represented. Data are presented as the means and standard deviations
of 3 independent experiments. One-way ANOVA followed by Tukey’s post hoc test was used with the indicated p values. Scale bar, 10 um.
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Figure 5. USP19 mimics the role of survivin in mitosis
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cancer cell lines, which suggests a positive correlation between
USP19 and survivin (Figure 6B; Table S1). The correlation be-
tween USP19 and survivin expression profiles using the GEPIA
2 database® showed that USP19 and survivin were expressed in
several cancers and were highly correlated in most of the cancer
types (Figure 6C; Table S2). To further validate in silico data,
the protein expression of USP19 and survivin were assessed in
several cancer cell lines by western blot. We found that both
USP19 and survivin are expressed in most of the cancer cell lines
(Figure 6D). Next, we used the GENT2 database to analyze the
USP19 expression status in cancer tissues.”® Consistent with our
previous observations, USP19 was highly expressed in several
cancers (Figure 6E; Table S3). However, we could not perform
the statistical analysis due to the non-availability of optimal sam-
ple size for normal groups from the GENT2 database (Table S4).
Altogether, these results strongly suggest that USP19 might be
associated with cancer progression.

To gain further insights into the expression of USP19 in cancer, we
performed an immunohistochemistry analysis in a tissue microar-
ray containing breast and colon cancer tissues and their corre-
sponding normal tissues. We found that both USP19 and survivin
were highly upregulated in breast (Figures 6F and S3) and colon
cancer tissues when compared to their corresponding normal tis-

reports

increased expression of survivin was corre-

lated with the inhibition of apoptosis and
chemoresistance in several tumor types.””** Interestingly, we
also observed that both USP19 and survivin are expressed in
several cancer types. Therefore, we investigated the role of
USP19-mediated stabilization of survivin on cancer progression
in HCT116 cells. To this end, we validated the survivin protein
levels in mock and USP19KO cells. Compared to the mock con-
trol, USP19KO cells showed reduced levels of survivin protein
(Figure 7A, lane 2), while the reconstitution of survivin in the
USP19KO group rescued the expression of survivin (Figure 7A,
lane 3). Thus, the same cells from Figure 7A were used for the
subsequent functional experiments. Immunofluorescence was per-
formed to determine the extent of DNA damage by estimating the
canonical DNA damage marker YH2AX. USP19KO cells showed
more YH2AX foci formation compared to the mock cells, which
were abrogated when survivin was reconstituted (Figure 7B).
Next, we investigated whether USP19 depletion induces apoptosis
in cancer cells. We examined sub-G1 populations and annexin-V
staining in HCT116 cells. USP19 depletion resulted in a significant
accumulation of cells within the sub-G1 phase of the cell cycle
when compared to the mock cells (Figures 7C and 7D). Moreover,
annexin-V/7-AAD staining indicated enhanced cell apoptosis in
the USP19KO group compared to the mock (Figure 7E). However,
survivin reconstitution in the USP19KO group reverted from the
apoptotic phenotype (Figures 7C-7E).
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USP19 regulates the oncogenic potential of survivin in vitro and
in vivo

To validate the effects of USP19-mediated survivin stability on cancer
progression, we performed various assays related to carcinogenesis
activity. The cell viability assay showed that the depletion of USP19
decreased cell viability, which was reverted when cells were reconsti-
tuted with survivin (Figure 7F). The colony formation assay showed a
significant decrease in colony numbers in the USP19KO group when
compared to the mock (Figure 7G). Similarly, migration and invasion
were also inhibited significantly in the USP19KO group when compared
to the mock group (Figures 7H and 7I). However, the colony formation,
migration, and invasion of cells were significantly increased when
USP19KO groups were reconstituted with survivin (Figures 7G-71I).

Next, we performed in vivo studies to corroborate the effect of USP19
in oncogenic transformation. To this end, NSG mice were subcutane-
ously injected in the right flanks, with mock, USP19KO, and
USP19KO reconstituted with survivin HCT116 cells. The tumor
growth was recorded every 5 days for 25 days (Figures 7] and S5).
Mice injected with USP19KO cells displayed a significant reduction
in tumor volume and weight compared to mice transplanted with
mock (Figure 7K). The reconstitution of survivin in USP19KO cells
led to a significant increase in tumor volume and weight (Figures 7]
and 7K). Furthermore, we performed immunohistochemical analysis
to check the status of USP19 and survivin proteins in mouse xenograft
tumors. Reduced expression of both USP19 and survivin proteins was
observed in the USP19KO tumor xenograft groups compared to
mock groups (Figure 7L).

DISCUSSION

Mitosis is a dynamic cellular process that requires a continuous as-
sembly as well as a disassembly of protein complexes. Optimal chro-
mosome segregation includes the attachment of sister kinetochores to
microtubules from opposite spindle poles to form bi-oriented chro-
mosomes on the metaphase spindle through the CPC.”> Many
DUBs such as USP4, USP7, USP9, USP29, USP35, USP44, USP48,
and CYLD have direct or indirect roles during the cell-cycle progres-
sion and checkpoint maintenance.'”*>>*°>° Survivin is an essential
component of CPC that ensures CPC centromeric localization,
optimal segregation of chromosomes, regulation of microtubule
formation, and cy‘[okinesis.Sl In addition, survivin exhibits CPC-in-
dependent functions during interphase through the regulation of
microtubule dynamics.”® Ubiquitination controls dynamic protein-

to-protein binding and chromosomal segregation independently of
protein degradation. It is known that USP9X, a deubiquitinating
enzyme, is required for survivin dissociation from centromeres.”®
Interestingly, survivin undergoes ubiquitination through K48 or
K63 linkages during mitosis.”> Thus, further studies are necessary
to investigate different ubiquitination sites of survivin and its regula-
tion by DUBs during mitotic progression.

In this study, we determined that USP19 can reverse the ubiquitination
of the survivin protein and regulate its protein turnover (Figures 1, 2, 3,
and 4). Several studies have reported the involvement of survivin in
cellular survival, proliferation, cell cycle, and other cellular stress re-
sponses.”* Survivin overexpression in cancers is typically linked with
a poor prognosis and chemoresistance.”>® Survivin nuclear expression
is known as a prognostic marker in a variety of cancers.””** From our
study, we demonstrated that USP19-mediated regulation of survivin is
critical for proper cytokinesis (Figures 4 and 5) and control over cancer
progression (Figures 6 and 7). Thus, the role of USP19 as a survivin
protein stabilizer and in cancer cell division provides a novel insight
of using USP19 as a potential target in anti-cancer therapy.

Collectively, we report USP19 as a DUB to reverse the proteasomal
degradation of the survivin protein. Our data denote that USP19 is
a regulator that favors cancer progression by stabilizing the survivin
protein. Because of the redundancy of multifaceted interactions and
signaling networks, blocking survivin alone may not result in robust
antitumor activity. Thus, we suggest that a combinatorial approach of
concomitantly targeting survivin and its stabilizer USP19, as well as
other pro-apoptotic factors, would overcome such caveats. Such
simultaneous targeting would not only offer novel perspectives in
rational cancer therapy but also provide broad clinical applications
to treat cancer patients regardless of their genetic makeup.

MATERIALS AND METHODS

Cell culture

HCT116, SW480, BT474, MDAMB231, PC3, MG63, and HUH?7 cell
lines were purchased from the Korean Cell Line Bank (Seoul, South
Korea). MCF7, A549, Hela, DU145, U87MG, SH-SY5Y, U20S,
NCCIT, and HEK293T were purchased from ATCC (Manassas, VA,
USA). hDPSCs were purchased from Lonza (Basel, Switzerland).
HHSteCs were kindly provided by Yun Soo Bae (Ewha University,
Seoul, Korea). HCT116, BT474, MDAMB231, and NCCIT cell
lines were maintained in RPMI (Gibco BRL, Rockville, MD, USA)

Figure 6. USP19 and survivin expression profiles are positively correlated

(A) Heatmap showing the top 100 mRNA expression levels of USP19 and survivin derived from the DepMap portal. Representative samples are arranged from high to low
mRNA levels of USP19, and corresponding survivin values are adjusted. (B) Scatterplot between USP19 and survivin mRNA levels from several cancer cell lines. Pearson
correlation was performed to estimate the relationship between USP19 and survivin. (C) The mRNA expression profiles of USP19 and survivin were obtained from the GEPIA 2
database and graphically represented using Plotly to assess the correlation between USP19 and survivin. (D) Endogenous protein expression patterns of USP19 and survivin
in different cell lines were determined by western blot analysis. In MCF7, MG63, and hDPSCs, the expression of USP19 showed lower molecular weight than the expected
size. (E) The mRNA expression data of USP19 was obtained from the GENT2 database and represented graphically. Due to the small sample size for the expression of USP19
in the normal groups obtained from the GENT2 database, the statistical significance between normal and cancer groups could not be calculated. (F and G) Representative
immunohistochemical staining images of endogenous USP19 and survivin in human breast cancer (n = 21) and colon cancer (n = 32). Allimmunohistochemistry (IHC) images
were quantified by an H score. A 2-tailed t test was used, and p values are as indicated. Scale bar, 25 um.
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supplemented with 10% fetal bovine serum (FBS; Gibco) and 1% peni-
cillin and streptomycin (Gibco) at 37°C in a humidified atmosphere
with 5% CO,. SW480, MCF7, A549, HeLa, DU145, PC3, U87MG,
SH-SY5Y, U20S, MG63, HUH7, HHSteCs, and HEK293T cell lines
were cultured in DMEM medium (Gibco) supplemented with 10%
FBS and 1% penicillin and streptomycin at 37°C in a humidified atmo-
sphere with 5% CO,. hDPSCs were cultured in DPSCBM (Lonza) and
1% penicillin and streptomycin (Gibco) at 37°C in a humidified atmo-
sphere with 5% CO,. The cells were passaged regularly depending on
cell confluence.

Transfection

HEK283T cells were transfected with Lipofectamine 2000 (Thermo
Fisher, Waltham, MA, USA) following the manufacturer’s recom-
mendations. HCT116 cells were transfected with indicated plasmids
using Lipofectamine 3000 (Thermo Fisher) following the manufac-
turer’s recommendations.

Plasmids and sgRNAs

A mammalian expression vector encoding FLAG-survivin was kindly
provided by Prof. Taeg Kyu Kwon (Keimyung University, South
Korea). The pEGFP-N1 GFP-survivin plasmid was kindly provided
by Prof. Dong-Hoon Jin (Asan Medical Center, South Korea).
The pEGFP-N1 GFP-H2B (Addgene [Watertown, MA, USA], no.
11680), pRK-FLAG-USP19 (Addgene no. 78597), pRK5-FLAG-
USP19C506A (Addgene no. 36307), and pcDNA-HA-ubiquitin
(Addgene no. 18712) were purchased from Addgene. For screening
DUB candidates, a plasmid encoding Cas9-2a-mRFP-2a-PAC (puro-
mycin N-acetyl-transferase puromycin resistance gene), and a pRG2
plasmid encoding single guide RNA was purchased from Toolgen
(Seoul, South Korea). The sgRNA target sequences were designed us-
ing a public tool (www.broadinstitute.org) and cloned into the vectors
as described previously.”” Briefly, oligonucleotides containing each
target sequence were synthesized (Bioneer, Seoul, South Korea), and

T4 polynucleotide kinase was used to add terminal phosphates
to the annealed oligonucleotides (Bio-Rad, Hercules, CA, USA). The
oligonucleotide sequences used to clone sgRNA-targeting DUBs are
listed in Table S5. The vector was digested with the Bsal restriction
enzyme and ligated with the annealed oligonucleotides.

Antibodies and reagents

Mouse monoclonal antibodies against FLAG (Anti-DDDDK-tag,
M185-3L, 1:1,000) (MBL Life Science, Tokyo, Japan), phospho-his-
tone H2AX (Ser139) (Merck (Readington Township, NJ, USA],
05-636), GFP (s¢-996, 1:1,000), INCENP (sc-376514, 1:500), ubiquitin
(sc-8017, 1:1,000), USP9X (sc-365353, 1:1,000), hemagglutinin
(HA) (sc-7392, 1:1,000), glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (sc-32233, 1:1,000), B-actin (sc-47778, 1:1,000), and
normal mouse IgG (sc-2025, 1:1,000) were purchased from Santa
Cruz Biotechnology (Dallas, TX, USA). Rabbit polyclonal antibodies
against survivin (Cell Signaling Technology [Danvers, MA, USA],
2803S), USP19 (Proteintech [Rosemont, IL, USA], 25768-1-AP),
USP3 (Genetex [Irvine, CA, USA], GTX128238), USP17/DUB3 (No-
vus Biologicals [Littleton, CO, USA], NBP1-79745), Aurora B (Bethyl
Laboratories [Montgomery, TX, USA], A300-431A), phospho-his-
tone H3 (Cell Signaling Technology, 3377), TPX2 (Novus Biologicals,
NB500-179), and 488/594-conjugated secondary antibodies (A21207
and A21203, 1:200) (Invitrogen, Waltham, MA, USA) were used. Pro-
tein A/G Plus Agarose beads (sc-2003, Santa Cruz Biotechnology),
proteasomal inhibitor MG132 (S2619, Selleckchem, Houston, TX,
USA), protein translation inhibitor cycloheximide (239765, Merck),
puromycin (12122530, Invitrogen), and DAPI (H-1200, Vector
Laboratories, Burlingame, CA, USA) were purchased from the man-
ufacturers indicated.

DUBs screening using DUB KO sgRNA library
We screened the USPs for the regulation of survivin protein level us-
ing our previously generated DUB KO sgRNA library set.”” On day 0,

Figure 7. USP19KO inhibits tumor progression in vitro and in vivo

Mock, USP19KO, and USP19KO cells reconstituted with survivin plasmid in HCT116 cells were used to perform the following experiments. (A) Western blot analysis was
performed using USP19- and survivin-specific antibodies. (B) Immunofluorescence analysis was used to measure yH2AX foci formation. Green, YH2AX; blue, nucleus
stained by DAPI. Scale bar, 25 um. The right panel depicts the percentage of yH2AX" cells. Data are presented as the means and standard deviations of 3 independent
experiments. One-way ANOVA followed by Tukey’s post hoc test was used with the indicated p values. (C and D) Flow cytometry was performed with Pl staining to measure
the DNA content and is represented graphically. Data are presented as the means and standard deviations of 3 independent experiments. One-way ANOVA followed by
Tukey’s post hoc test was used with the indicated p values. (E) Flow cytometry was performed to analyze annexin-V and 7-AAD* cells and graphically represented. Data
are presented as the means and standard deviations of 3 independent experiments. One-way ANOVA followed by Tukey’s post hoc test was used with the indicated
p values. (F) Cell viability assay was performed using CCK-8 reagent and represented as the absorbance at 450 nm. Data are presented as the means and standard de-
viations of 3 independent experiments. Two-way ANOVA followed by Tukey’s post hoc test was used with the indicated p values. (G) Colony formation was measured after
14 days. The colony numbers were quantified and are presented graphically (right panel). Data are presented as the means and standard deviations of 3 independent ex-
periments. One-way ANOVA followed by Tukey’s post hoc test was used with the indicated p values. (H) An in vitro scratch assay was performed to assess the migration
potential of the groups mentioned. Scale bar, 100 um. Data are presented as the means and standard deviations of 3 independent experiments. One-way ANOVA followed
by Tukey’s post hoc test was used with the indicated p values. (I) Transwell cell invasion assay was performed with the groups mentioned. Scale bar, 200 um. Invaded cells
were quantified using ImagedJ software and represented graphically. Data are presented as the means and standard deviations of 3 independent experiments. One-way
ANOVA followed by Tukey’s post hoc test was used with the indicated p values. (J) Xenografts were generated by subcutaneously injecting the mentioned cell groups
into the right flank of NSG mice (n = 3). Tumor volumes were recorded and stored for IHC experiments. The right panel shows the tumors excised from the mice after
the experiment. (K) Tumor volume and weight were calculated and are presented graphically. Data are presented as the means and standard deviations of 6 biological rep-
licates (n = 6). One-way or 2-way ANOVA followed by Tukey’s post hoc test was used with the indicated p values. (L) Xenograft tumors were sectioned and paraffin
embedded. Immunohistochemical analysis was performed with the antibodies indicated. Scale bar, 50 pm.
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HCT116 cells were seeded on 35-mm culture dishes at the density of
3 x 10 cells and incubated overnight. On day 1, HCT116 cells were
co-transfected with Cas9 and sgRNA targeting 50 individual DUBs.
The next day, puromycin at the concentration of 1.5 pug/mL was
added and selected for 3 days. Finally, cells were harvested and the
western blot analysis was performed using survivin-specific antibody.

T7E1 assay

Genomic DNA was isolated using DNeasy Blood & Tissue kits (Qia-
gen, Hilden, Germany), following the manufacturer’s protocol. The
region of DNA consisting of the nuclease target site was amplified by
performing PCR using hemi-nested or nested primers. PCR ampli-
cons were denatured by heating and annealed to generate heterodu-
plex DNA, which was treated with 5 U of T7 endonuclease 1 enzyme
(New England Biolabs, Ipswitch, MA, USA) for 20 min at 37°C. The
cleavage was observed using 1.5% agarose gel electrophoresis. Muta-
tion frequencies in terms of indel percentage were based on band in-
tensity using Image] software (NIH) and the following equation:
mutation frequency (%) = 100 x (1 — [1 — fraction cleaved] 2y
where the fraction cleaved was the total relative density of the cleav-
age bands divided by the sum of the relative density of the cleavage
and uncut bands. The oligonucleotide sequences used to obtain the
PCR amplicon for the T7E1 assay are as follows: USP19 sgRNA1
first PCR: forward 5-TCCAGTGGTGACTAAGCAGC-3' and
reverse 5-CCCCAACAGCACCATCTTCTG-3/, USP19 s PCR:
5'-ATTTGGCCACAAAGAGTTGC-3' and reverse 5'-CCCCAAC
AGCACCATCTTCTG-3" and USP19 sgRNA2 first PCR: forward
5'-AAGGACCCATGATAACCTCAGT-3' and reverse 5-CTA
CTGTGCTCAGGGCAGATG-3’, and USP19 sgRNA2 second
PCR: forward 5-GTAGAGACGGGGTTTCACCA-3' and reverse
5'-CTACTGTGCTCAGGGCAGATG-3'.

Real-time PCR

Total RNA was isolated using Trizol reagent (Favorgen, Kaohsiung,
Taiwan). RNA pellets were suspended in 30 L of nuclease-free water
and the RNA concentration was estimated. Total RNA (500 ng) was
reverse transcribed into cDNA using the SuperScript IIT First-Strand
Synthesis System (Life Technologies, Carlsbad, CA, USA) with an oligo
dT primer. qPCR was performed in triplicate using Fast SYBR Green
master mix (Life Technologies) and a StepOnePlus Real-Time PCR
System (Life Technologies) with the loading controls: GAPDH-target-
ing primers (forward primer: 5'-CATGTTCGTCATGGGTGTGAA
CCA-3, reverse primer: 5-AGTGATGGCATGGACTGTGGTC
AT-3'), USP19-targeting primers (forward primer: 5-TAAATCCAA
GGCACGATCTGAGG-3' and reverse primer: 5'-GCTTTGGGGTTA
CATGCTCCA-3'), and survivin-targeting primers (forward primer:
5'-CAGTGTTTCTTCTGCTTCAAGG-3' and reverse primer: 5'-CTT
ATTGTTGGTTTCCTTTGCAT-3') were used. The relative expres-
sions of USP19 and survivin were normalized with GAPDH and shown
using GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA).

Immunoprecipitation assays
The plasmids mentioned were co-transfected into the HCT116 cells. Af-
ter 48 h, cells were collected and lysed by protein lysis buffer (50 mM
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Tris-HCI [pH 8.0], 150 mM NaCl, 10 mM KCl, 1.5 mM MgCl,, 0.5%
NP-40, 10% glycerol, and 1 mM EDTA), and the protein concentration
was measured using a Bradford assay (Thermo Fisher). Approximately
3 mg of lysates were immunoprecipitated with antibodies overnight and
then incubated with 25 uL of protein A/G Sepharose beads at 4°C for 2
h. Beads were washed with lysis buffer, eluted, and boiled in 2x SDS
sample buffer. Immunoprecipitated proteins were detected by western
blot analysis with the indicated antibodies.

Deubiquitination assay

The DUB activity of USP19 on survivin protein stability was deter-
mined in HCT116 cells. The cells were treated 48 h post-transfection
with proteasome inhibitor MG132 for 6 h and harvested. This was
followed by immunoprecipitation and western blotting with the
indicated antibodies.

Generation of KO cell lines using CRISPR-Cas9

HCT116 cells were co-transfected with sgRNA1 targeting USP19 and
Cas9 constructs. Puromycin selection (1.5 pig/mL) was performed for
2 days after transfection. The next day, the cells were seeded into
96-well plates at a density of 0.25 cells per well. After 15 days, rounded
single-cell colonies were selected. The selected colonies were trypsi-
nized and re-plated into 24-well cell culture plates. Three days after
subculturing, genomic DNA was isolated from single-cell clones
and used for the T7E1 assay. T7E1" clones were further cultured
and stored in a liquid nitrogen tank for later use. USP19 and survivin
protein levels in the control and USP19 KO groups were determined
by western blotting using specific antibodies.

TUBESs assay

The ubiquitination status of survivin protein was analyzed by a
TUBEs assay (LifeSensors, Malvern, PA, USA). Briefly, mock and
USP19KO HCT116 cells were harvested for protein extraction and
incubated with the required amount of TUBEs antibody at 4°C for
3 h. The samples were then subjected to immunoprecipitation anal-
ysis followed by immunoblotting with survivin antibody to determine
the polyubiquitination status of survivin protein.

Immunofluorescence

HCT116 cells were grown on glass coverslips and incubated at 37°C
in a humidified atmosphere with 5% CO,. The cells were then fixed
for 15 min at room temperature in 4% paraformaldehyde. After
two PBS washes, cells were permeabilized for 5 min in PBS containing
0.1% Triton, thoroughly washed in PBS, and blocked with 3% bovine
serum albumin (BSA). Cells were then treated overnight at 4°C with
the appropriate primary antibodies diluted in BSA. On the following
day, the cells were washed and incubated with appropriate Alexa
Fluor 488-conjugated secondary antibodies for 1 h. The cells were
finally incubated with DAPI and mounted using VectaShield (Vector
Laboratories). Cells were visualized and images were taken using a
Leica fluorescence microscope (Leica DM 5000B; Leica CTR 5000;
Wetzlar, Germany). All of the data were obtained from three indepen-
dent experiments, and the identity of all of the samples was removed
before the analysis.
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Apoptosis assays

To estimate cell apoptosis, the PE annexin-V/7-AAD staining kit
(BD Biosciences, Haryana, India) was used according to the manu-
facturer’s protocol. Briefly, HCT116 cells (mock control, USP19KO,
and USP19KO reconstituted with survivin) were seeded in 6-well
plates and incubated at 37°C in a humidified atmosphere with 5%
CO,. The cells were harvested and washed twice with PBS contain-
ing 10% FBS. The required cells were counted and 5 uL annexin-V
and 7-AAD were added to the cells, which were then kept in the
dark for 15 min. The stained cells were resuspended in the binding
buffer and flow cytometry was performed within 1 h. For propidium
iodide (PI) staining (BD Biosciences), the cell lines mentioned pre-
viously were harvested, washed twice with ice-cold PBS containing
10% FBS, and fixed with 70% ethanol until use. Next, 2 mg/mL
RNaseA was added to the cells at 4°C for 15 min followed by
10 pL PI at a concentration of 50 mg/mL at room temperature
for 10 min. Finally, DNA content was measured using flow cytom-
etry. Data were analyzed using FACS Diva software (version 8, BD
Biosciences).

Time-lapse microscopy

Time-lapse live imaging was performed using the 40X objective lens
on a microscope (DeltaVision Core; GE Healthcare, Chicago, IL,
USA) equipped with a charge-coupled device camera in a CO, cham-
ber at 37°C. Mock, USP19KO HCT116 cells, and/or survivin recon-
stituted with USP19KO group were transfected with GFP-H2B and
seeded onto a 4-well chamber (Lab-Tek II Chambered Cover glass,
Thermo Fisher). Time-lapse images were taken at 3-min intervals
and maximally projected. All of the data were obtained from three in-
dependent experiments, and the identity of all of the samples was
removed before the analysis.

Cell viability assay

For the cell viability assay, untransfected cells (control), mock,
USP19KO, and USP19KO reconstituted with survivin HCT116 cells
were seeded at a density of 1 x 10* cells per well in 96-well plates.
On the following day, CCK-8 assay reagent (Dojindo Molecular
Technologies, Rockville, MD, USA) was added to each well
following the manufacturer’s protocol. Absorbance was measured
at 450 nm using a spectrophotometer and values were recorded
graphically.

Soft agar assay

Untransfected cells (control), mock, USP19KO, and USP19KO
reconstituted with survivin HCT116 cells were subjected to a soft
agar assay. First, 1% agarose gel and 1x complete DMEM medium
were mixed at a 1:1 ratio and plated onto 35-mm plates. The plates
were incubated overnight and cells were resuspended in 0.75%
agarose with DMEM (1:1 ratio) and seeded at a density of 1 X 10*
cells per well. Cells were cultured for 14 days at 37°C in a humidified
atmosphere containing 5% CO,. The anchorage-independent colony
numbers were stained using crystal violet dye (0.01% diluted in 20%
methanol) and counted under light microscopy (IX71, Olympus,
Tokyo, Japan) at 4x magnification.

Wound healing assay

Migration activity was analyzed by the wound healing assay. Mock
USP19KO and USP19KO reconstituted with survivin HCT116 cells
were cultured to near 90% confluence. Scratches were made in the
monolayers with a sterile pipette tip in a definite array. The wounded
cell layer was washed with PBS and incubated in complete medium.
Wound closure was compared at the time intervals indicated using
a light microscope. Image] software was used for quantification.
Migration rates were measured and the wounded area was calculated.

Transwell invasion assay

Cell invasion was assessed using 0.8 pm Transwell chambers coated
with Matrigel (Corning, NY, USA) according to the manufacturer’s
protocol. Briefly, 3 x 10* cells were suspended in 500 pL serum-
free DMEM medium and placed into 24-well chambers. Next,
750 uL complete medium was added and the cells were incubated
at 37°C with 5% CO,. After 24 h, the cells from the upper surface
of the insert were scraped off, and the cells on the lower surface
were fixed using ice-cold methanol. The cells were then stained
with crystal violet, and the average number of cells were counted us-
ing light microscopy.

Xenograft tumor experiment

Male NOD scid gamma (NSG) mice (6 weeks old) were used for the
animal experiment. The animal study was approved by the IACUC.
All of the mice were housed under an artificial 12 h light/dark cycle
with access to food and water ad libitum. Animals were randomized
into three groups (six mice per group) and mock, USP19KO, and
USP19KO reconstituted with survivin HCT116 cells (4.0 x 10°)
were subcutaneously injected into the right flank of each mouse.
The volume of the xenografts was measured every 5 days for
25 days and estimated using the formula V = D x d2/2, where D is
the long axis, and d is the short axis of the tumor. At the end of the
study, all of the mice were sacrificed by CO, asphyxiation, and tumor
grafts were harvested. The weight of the harvested tumors was
measured, and the tumor tissues from the mouse xenografts were sub-
jected to immunohistochemical analysis.

Immunohistochemistry

For the tissue microarray experiment, we purchased colon cancer (n =
32) and breast cancer (n = 21) tissues from ISU Abxis (Gyeonggi-do,
South Korea). Formalin-fixed and paraffin-embedded tissue samples
were processed and incubated with USP19 (Proteintech) and survivin
(Cell Signaling Technology) antibodies following the manufacturers’
recommendations. These tissue samples were counterstained with he-
matoxylin, dehydrated, and mounted. Xenograft tumor tissue sam-
ples were fixed in 4% paraformaldehyde overnight at 4°C. Tissues
were then dehydrated in 70% ethanol and processed in paraffin.
The samples were stained with USP19 and survivin antibodies. Imag-
ing of tumor sections on slides was done on a Leica DM5000 B.

Gene expression profiling interactive analysis
The DepMap portal, GEPIA 2, and GENT2 containing RNA expres-
sion data, which include several tumor and normal samples from the
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TCGA and GTEx databases, were used in this study.37’39 We used
single- or multi-gene analyses and correlation analysis of different
cancer types to analyze the expression profiles of USP19 and survivin.

Statistical analysis

Results were documented as means and standard deviations from at
least three independent experiments (unless otherwise specified in
the respective figure legends). Comparisons between two sets were
analyzed using the Student’s t test. Experiments involving three or
more groups were examined by one-way or two-way analyses of vari-
ance followed by Tukey’s post hoc test. A p value <0.05 was consid-
ered statistically significant. All of the statistical analyses were per-
formed in GraphPad Prism 9 software.
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Figure S1. Generation of single cell-derived USP19 knockout clones in HCT116 cell line. (A) Knockout

efficiency of the designed sgRNAs was validated in HCT116 cell line by T7E1 assay. Untransfected cells
served as negative control (Ctrl), and the size marker (M) is shown. Asterisk denotes non-specific bands.
(B) Screening of stable USP19 knockout clones in HCT116 cells by T7E1 assay. T7E1 positive clones
showing cleavages are represented in red text. Arrowheads show the cleavage site. (C) Reconfirmation of
positive USP19 knockout clones by T7E1 assay. Untransfected cells served as negative control (Ctrl), and
the size marker (M) is shown. Arrowheads show the cleavage site. (D) Western blot analysis shows the

knockout efficiency of USP19 in HCT116 cells and the effect of USP19 knockout in survivin protein levels.
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Figure S2. The loss of USP19 leads to mitotic checkpoint bypass in Taxol-treated cells. Mock or
USP19KO HCT116 cells were treated with Taxol for 24 h. Nuclei were stained with DAPI (Left). The
HCT116 cells with nuclear abnormalities were quantified after nuclear staining (Right). 100 cells per group

were examined from three independent experiments. Scale = 25 pm.
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Figure S3. Immunohistochemical staining of USP19 and survivin in human breast cancer tissues.

Scale bar = 25 um.
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Figure S4. Immunohistochemical staining of USP19 and survivin in human colon cancer tissues.

Scale bar = 25 um.
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Figure S5. USP19KO inhibits tumor progression in vivo.

Xenografts were generated by subcutaneously injecting the mentioned cell groups into the right flank of
NSG mice (n = 3). Tumor volumes were recorded and stored for IHC experiments. The right panel shows

the tumors excised from the mice after the experiment.



Supplemental tables
Table S1. Expression values of USP19 and survivin mRNA from the DepMap portal.

Table S2. mRNA expression values of USP19 and survivin in different cancer tissues from the

GEPIA 2 database.
Table S3. mRNA expression values of USP19 in different cancer tissues.

Table S4. The sample size of Tumor and Normal tissues for USP19 gene obtained from GENT2

database.

Table S5. Oligonucleotides used for sgRNA plasmid construction.



Supplemental videos
File name: Supplemental Video 1

Description: Mitosis in Mock HCT116 cells. GFP-H2B was transfected in Mock HCT116 cells and then
treated with thymidine. Green fluorescence was to visualize chromosome movement. This video shows
normal mitosis. These images were taken every 3 min and they are played back at 5 frames per second.

Scale bar = 10 ym.

File name: Supplemental Video 2

Description: Mitosis in USP19KO HCT116 cells. GFP-H2B was transfected in USP19KO HCT116 cells and
then treated with thymidine. Green fluorescence was to visualize chromosome movement. This video
displays the presence of misaligned chromosomes and mitotic delay during mitosis. These images were

taken every 3 min and they are played back at 5 frames per second. Scale bar = 10 ym.

File name: Supplemental Video 3

Description: Mitosis in Mock HCT116 cells. GFP-H2B was transfected in Mock HCT116 cells and then
treated with thymidine. This video displays the normal mitosis. These images were taken every 3 min and

they are played back at 5 frames per second. Scale bar = 10 ym.

File name: Supplemental Video 4 and 5

Description: Mitosis in USP19KO HCT116 cells. GFP-H2B was transfected in USP19KO HCT116 cells and
then treated with thymidine. This video displays the chromosome misalignments, chromosome bridges, and
lagging chromosomes. These images were taken every 3 min and they are played back at 5 frames per

second. Scale bar =10 ym.

File name: Supplemental Video 6

Description: Mitosis in survivin reconstituted in USP19KO HCT116 cells. GFP-H2B was transfected in
USP19KO+survivin HCT116 cells and then treated with thymidine. This video displays the normal mitosis.
These images were taken every 3 min and they are played back at 5 frames per second. Scale bar = 10

pm.



File name: Supplemental Video Movie 7

Description: Mitosis and cytokinesis in Mock HCT116 cells. GFP-H2B was transfected in Mock HCT116
cells and then treated with thymidine. This video displays normal cytokinesis. These images were taken

every 3 min and they are played back at 5 frames per second. Scale bar = 10 ym.

File name: Supplemental Video 8

Description: Mitosis and cytokinesis in USP19KO HCT116 cells. GFP-H2B was transfected in USP19KO
HCT116 cells and then treated with thymidine. This video displays cytokinesis failure. These images were

taken every 3 min and they are played back at 5 frames per second. Scale bar = 10 ym.
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