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Abstract

Oncogene-induced senescence (OIS) is a critical tumor-suppressor mechanism, which prevents hyper-proliferation and
transformation of cells. c-Myc promotes OIS through the transcriptional activation of pl4ARF followed by p53 activation.
Although the oncogene-mediated transcriptional regulation of pl4ARF has been well addressed, the post-translational
modification of pl4ARF regulated by oncogenic stress has yet to be investigated. Here, we found that c-Myc increased
p14ARF protein stability by inducing the transcription of ubiquitin-specific protease 10 (USP10). USP10, in turn, mediated
the deubiquitination of pl4ARF, preventing its proteasome-dependent degradation. USP10-null mouse embryonic
fibroblasts and human primary cells depleted of USP10 bypassed c-Myc-induced senescence via the destabilization of
p14AREF, and these cells displayed accelerated hyper-proliferation and transformation. Clinically the c-Myc-USP10-p14ARF
axis was disrupted in non-small cell lung cancer patients, resulting in significantly worse overall survival. Our studies
indicate that USP10 induced by c-Myc has a crucial role in OIS by maintaining the stability of key tumor suppressor

pl4ARF.
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Introduction

Activated oncogenes such as RAS and c-Myc promote fail-
safe programs to prevent the hyper-proliferation and trans-
formation of cells [1-3]. RAS mediates the induction of
pl6INK4A, which prevents the cyclin-D- and CDK4-
mediated hyper-phosphorylation of RB and induces the
suppression of E2Fs, leading to cellular senescence [2, 4, 5].
Activated c-Myc induces the transcription of pl4AREF,
which stabilizes p53 and accelerates cellular senescence and
apoptosis [1, 3]. Thus, the failure of RAS or c-Myc to
induce a fail-safe program is a pivotal step in the transfor-
mation and tumorigenesis of normal cells [1].

pl4ARF is an alternative reading frame product of the
INK4/ARF locus [4]. The function of pl4ARF as a potent
tumor suppressor mainly depends on p53 stabilization,
which induces cellular senescence and prevents tumor cell
growth [6, 7]. One mode of action of pl4ARF is its ability
to interact with MDM?2, a well-known E3-ubiquitin ligase
of p53 and to induce nucleolus localization as well as
inactivation, preventing MDM2-dependent p53 ubiquitina-
tion and degradation [8—10]. Alternatively, pl4ARF also
plays tumor-suppressive functions via interactions with
numerous proteins, such as TIP60, HIF1a, XPC, NPM, and
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others [11-13]. The physiological roles of pl4ARF have
been comprehensively investigated in mouse models and
human cancers. The pl4ARF-KO mouse develops various
cancers, including sarcoma and lymphoma, at an early age
[14]. In contrast, the super INK4a/ARF mouse strain, which
carries a transgenic copy of the entire INK4a/ARF locus, is
highly resistant to carcinogen-induced cancer development
[15]. pl4ARF has been reported to be down-regulated or
deleted in various human cancers, including gastric, breast,
colon, pancreas, bladder, and lung cancer [16—19]. Studies
examining the regulation of pl4ARF expression have
chiefly focused on transcriptional regulation, gene loss or
silencing by promoter hyper-methylation and mutation [13,
20-22]. However, recent studies have indicated that
pl4ARF can be ubiquitinated by several E3 ubiquitin
ligases, including ULF, MKRNI1, and Sival, which can
affect pl4ARF protein turnover through post-translational
modifications (PTM) [23-25]. These results highlight the
possible implication of enzymes involved in PTMs affecting
tumorigenesis by regulating the stability of pl4ARF. How
such regulators of p14ARF can be controlled under normal,
as well as stressed conditions to modulate tumor formation
remains to be addressed.

Ubiquitin-specific protease 10 (USP10) is a deubiquiti-
nating enzyme (DUB) that removes ubiquitins from its
substrates. Its substrates include sorting nexin 3 (SNX3), the
cystic fibrosis transmembrane conductance regulator
(CFTR), H2A.Z., MutS Homologs2 (MSH2), topoisome-
rase Illa, AMPKa and p53 [26-32]. Although the stabili-
zation of p53 suggests a possible role of USP10 as a tumor
suppressor, USP10 functions in tumor prevention and how
it is regulated upon oncogenic stimuli are largely unknown.
Here, we showed that c-Myc could increase the stability of
pl4ARF by transcriptionally inducing USP10, which was
shown to be a deubiquitinase of pl4ARF. Corroborating
these findings, USP10 overexpression induced cellular
senescence, while its depletion prevented c-Myc-induced
senescence and promoted cellular growth and transforma-
tion in normal cells. The disruption of c-Myc-USP10-
p14ARF in NSCLC supported the critical roles of this axis
in tumorigenesis. These findings reveal that c-Myc insti-
gates another PTM program in addition to transcriptional
regulatory pathways to maintain the stability of its target
protein and accomplish its fail-safe program.

Results

USP10 transcription induced by c-Myc increases
p14ARF protein stability

It is well known that c-Myc activates cellular senescence by
inducing p14ARF transcription [3]. To determine whether

c-Myc could increase pl4ARF protein stability as well as
transcription, we evaluated its protein stability in human
foreskin fibroblasts (HFFs) and human fetal lung cells
(IMR90) upon a translation inhibitor, cycloheximide (CHX)
treatment after infection with c-Myc-expressing lentivirus.
As both cell lines harbor wild type p53, p14ARF dependent
senescent pathway could be delivered through the pl14ARF-
p53 axis, as previously known [6]. Interestingly, pl4ARF
protein stability was increased by c-Myc overexpression
(Fig. la and Supplementary Fig. 1a). Accordingly, c-Myc
also increased the protein stability of p53, a downstream
target of pl4ARF, through an indirect or a direct pathway
(Fig. 1a and Supplementary Fig. 1a) [6, 7, 33]. Furthermore,
treatment with the proteasome inhibitor MG132 increased
p14ARF protein levels >2-fold; however, there was a more
modest increase in pl4ARF protein levels in response to
MG132 treatment upon c-Myc overexpression (Fig. 1b and
Supplementary Fig. 1b). Based on these observations, we
hypothesized that DUB might be affected by c-Myc, which
could subsequently increase pl4ARF protein stability via a
deubiquitination process. To identify a possible DUB
induced by c-Myc, three independent microarray analyses
were conducted using HFF cell lines stably expressing c-
Myc (Supplementary Fig. 2). USP1, USP10, USP13, and
USP31, which displayed >1.5-fold induction by c-Myc,
were further tested for their correlation with p14ARF. When
these DUBs were ablated using siRNAs, only the USP10
knockdown induced pl4ARF destabilization without any
change of its mRNA level (Fig. lc, d and Supplementary
Fig. 1c). We further confirmed that pl14ARF protein stabi-
lity induced by c-Myc expression was decreased upon the
stable ablation of USP10 (Fig. le). Notably, the half-life of
p53, an alternative known target of USP10, was also
decreased (Fig. le) [26]. Corroborating these findings, c-
Myc overexpression increased USP10 protein levels as well
as its mRNA in HFF and IMRO90 cells (Fig. 1f; Supple-
mentary Fig. 1d). These observations suggest that the
increase in p14ARF by c-Myc appeared to be mediated by
post-translational, as well as transcriptional control. Overall,
these results imply that c-Myc can stabilize p14ARF pro-
teins through USP10 induction.

c-Myc functions as a transcriptional activator of
USP10 expression

We next investigated whether c-Myc could be a direct
transcriptional activator of USP10. There are five E-box
sequences upstream of the USP10 transcription start site
(Fig. 2a) [34]. To determine whether c-Myc was able to
bind to these E-box sequences, ChIP assays were per-
formed in HFF and IMR90 cells using the indicated pri-
mers (Fig. 2a, b). The results indicated that c-Myc could
bind to the second E-box, named E#2, of the USP10 gene
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Fig. 1 c-Myc increases pl4ARF protein stability through the induction
of USP10. a HFF cells stably expressing c-Myc by lentivirus injection
were treated with CHX (100 ng/ml) as indicated, and cell lysates were
detected with pl4ARF, p53, c-Myc, and actin antibodies. Graphs
indicate the protein levels of pl4ARF and p53 quantified using the
ImageJ program. b HFF cells were infected with lentiviral c-Myc and
treated with 20 uM MG132 for 3 h. Cell lysates were immunoblotted
with c-Myc, pl4ARF and actin antibodies. The graph indicates the
average of the protein levels of pl4ARF quantified using the ImageJ
program. Error bars indicate 95% confidence intervals. Three inde-
pendent experiments were performed. ¢ A microarray was conducted
using HFF cells stably expressing mock vector and c-Myc. Graphs

in the tested cell lines (Fig. 2b). To confirm these obser-
vations, luciferase assays were conducted using luciferase
reporter constructs containing separate endogenous E-box
elements of USP10, L#1 and L#2 (Fig. 2c). In accordance
with the ChIP analyses, there was a significant increase in
luciferase activity with construct L#1 by c-Myc over-
expression (Fig. 2¢). Furthermore, increasing the levels of
the c-Myc expression vector could proportionally augment
the luciferase signal. These kinetic data implicitly indicated
that the promoter of USP10 could be indeed recognized by
c-Myc (Fig. 2¢). To identify the essential E-box in con-
struct L#1 required for c-Myc binding, each E-box was
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indicate the fold change in mRNA levels of USPs. This experiment
was conducted in triplicate. d H1299 cells were transfected with 20
nM USPI, 10, 13, and 31 siRNAs for 72 h. Cell lysates were immu-
noblotted with p14ARF and actin antibodies. e HFF cells were injected
with lentiviral c-Myc and shUSP10 and treated with CHX as indicated,
followed by immunoblotting using specific antibodies. Graphs indicate
the protein levels of pl4ARF and p53 quantified using the Imagel
program. f HFF cells were injected with lentiviral c-Myc. Cell lysates
were immunoblotted with specific antibodies, and mRNA levels were
analyzed by Q-RT-PCR using pl4ARF- and USP10-specific primers.
Three independent experiments were performed

tested for its ability to response to c-Myc expression
(Fig. 2d). In these experiments, each of wild type E-box
construct named W1, W2, W3 or W4 with the rest of E-box
sites mutated as indicated in Fig. 2d was employed. The
results showed that c-Myc was capable of promoting
luciferase activity of W2, the data of which corroborates
the results of the ChIP analyses of Fig. 2a, b, suggesting
that the second E-box is an essential promoter for c-Myc-
mediated transcription of USP10 (Fig. 2d). Overall, these
data suggest that USP10 can be transcriptionally induced
by c-Myc to function as a transcriptional factor for the
USP10 promoter.
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Fig. 2 USP10 is a transcriptional target of c-Myc. a Diagram of the
USP10 promoter. There are five c-Myc binding elements, E-box
sequences, upstream of the transcription start site of USP10. b A ChIP
assay was performed using c-Myc antibodies in HFF and IMR90 cells
stably expressing c-Myc. Relative enrichment was determined by
quantifying PCR products obtained from three experiments. ¢ 0.5 ug
USP10 luciferase reporter constructs and 0.3-0.5 pug c-Myc-expressing

USP10 functions as a DUB of p14ARF

Our previous data indicated that c-Myc could stabilize the
levels of pl4ARF protein through the transcriptional
induction of USP10, a plausible DUB of pl4ARF. Corro-
borating these findings, exogenously expressed USP10
increased exogenous and endogenous pl4ARF protein
levels in a dose-dependent manner (Fig. 3a, b). The half-life
of exogenous as well as endogenous pl4ARF upon treat-
ment with CHX was also increased by the exogenous
expression of USP10 (Fig. 3c, d). However, USP10 ablation
using both siRNA #1 and #3 of USP10 decreased pl4ARF
protein level without any change in its mRNA levels,
indicating that USP10 could regulate pl4ARF in a post-
translational level (Fig. 3e). As both siRNAs of USP10

plasmid were transfected into HFF cells as indicated. Luciferase
activities of each reporter were analyzed by the luciferase assay. Cell
lysates were immunoblotted with specific antibodies. This experiment
was conducted in triplicate. d Luciferase activities of 0.5 ug USP10
luciferase reporter constructs, which have E-box sequence mutations
of CAATTG, were analyzed using a luciferase assay. This experiment
was conducted in triplicate

were able to ablate the protein levels of USP10, we
employed siRNA #3 for subsequent experiments. Con-
firming these findings, the half-life of endogenous p14ARF
upon CHX treatment was decreased by the ablation of
USP10 (Fig. 3f). Employing immunoprecipitation analyses,
we found that pl4ARF and USP10 either in overexpressed
or endogenous states could bind to each other (Fig. 3g—j).
Moreover, a GST pulldown assay showed that USP10 could
directly interact with pl14ARF (Fig. 3k). Domain mapping
analyses indicated that the interaction between the two
proteins was mediated through the N-terminal regions of
each protein (Supplementary Fig. 3a, b). It is known that
p19ARF, a mouse orthologue of human p14ARF, displays
similar physiological effects as a tumor suppressor [4].
However, because it also exhibits different interacting
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Fig. 3 USPI10 interacts with and stabilizes pl4ARF. a H1299 cells
were transfected with plasmids expressing pl4ARF (0.05 pg) and
USP10 (0.5 pg). Cell lysates were evaluated using specific antibodies.
b H1299 cells were transfected with plasmids expressing pl4ARF
(0.05 pg) and USP10 (0.5 pug) and were treated with CHX as indicated.
p14ARF and USP10 were detected using specific antibodies. ¢ H1299
cells were transfected with plasmids expressing USP10 (1.9 ug). Cell
lysates were detected using specific antibodies. d H1299 cells were
transfected with plasmids expressing USP10 (1.9 pg) and treated with
CHX as indicated. p14ARF and USP10 were detected using specific
antibodies. e H1299 cell were transfected with 30 nM USP10 siRNAs
for 72 h. Protein levels of pl4ARF and USP10 were detected using
specific antibodies, and mRNA levels were analyzed by Q-RT-PCR.

partners with some functional differences compared with
pl4ARF [35], we investigated whether mouse USP10
(mUSP10) could regulate pl9ARF protein levels as
observed in their human counterparts. The results showed
that mUSP10 could bind to p19ARF and increase its protein
levels (Supplementary Fig. 4a—c). Ablation of mUSP10 by
siRNA also decreased pl9ARF protein levels in mouse
embryonic fibroblasts (MEFs), suggesting a conserved
function of USP10 as a DUB for pl4ARF or pl9ARF
(Supplementary Fig. 4d).

Next, we investigated whether USP10 could protect
pl4ARF protein from the proteasome-dependent

SPRINGERNATURE

=15
T -

Three independent experiments were performed. f H1299 cell were
transfected with 30 nM USP10 siRNA #3 for 72h and treated with
CHX as indicated. Cell lysates were immunoblotted with specific
antibodies. g, h Cells were transfected with plasmids expressing
pl4ARF (3 pg) and USP10 (3pg) as indicated. Cell lysates were
immunoprecipitated with HA or FLAG antibodies. pl4ARF and
USP10 were detected using specific antibodies. i, j Cell lysates were
immunoprecipitated with pl4ARF or USP10 antibodies. k Purified
GST/USPI10 and in vitro-translated pl4ARF were incubated at 37 °C
(input) followed by pulldown (PD) using glutathione-Sepharose. The
precipitated samples were detected using USP10 and pl4ARF
antibodies

degradation pathway. The levels of endogenously or exo-
genously expressed pl4ARF stabilized by USP10 over-
expression were similar to those stabilized by MG132
treatment, indicating that the proteasome-dependent path-
way might be involved in the interaction of USP10 and
pl4ARF (Fig. 4a, b). USP10 C424A, a mutant that is
defective in DUB activity, was able to bind to p14ARF but
could not induce its stabilization like wild-type (WT)
USP10, indicating that deubiquitination processes are
necessary for the stabilization of pl4ARF (Fig. 4c—e) [28].
We have previously reported that E3 ligase MKRNI1
induces the ubiquitination of pl4ARF followed by
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Fig. 4 USP10 functions as a DUB of pl4ARF. a, b H1299 cells were
transfected with 0.8 ug USP10- and 0.1 ug pl4ARF-expressing plas-
mids and treated with 20uM MG132 for 3h. Cell lysates were
detected with specific antibodies. ¢ Cells were transfected with plas-
mids expressing USP10 WT (3pug), USP10 C424A (3pg), and
pl4ARF (3 pg) as indicated, and cell lysates were immunoprecipitated
with FLAG antibodies. d, f Cells were transfected with plasmids
expressing USP10 WT (0.8 pg), USP10 C424A (0.8 ug), MKRNI1

degradation [24]. MKRN1-mediated degradation, as well as
ubiquitination was blocked by WT USP10 but not by
C424A, indicating that USP10 reversed the E3 ligase-
mediated ubiquitination of pl4ARF (Fig. 4f, g). Finally
USPI10 ablation induced an increase in the ubiquitinated
forms of endogenous pl4ARF (Fig. 4h). Overall, these
results indicate that USP10 is a DUB of pl14ARF, which
prevents its ubiquitination and thus subsequent proteasome-
mediated degradation.

USP10-mediated p14ARF stabilization is required
for c-Myc-induced cellular senescence

As it is well known that activated oncogenic c-Myc turns on
oncogene-induced senescence (OIS) through the activation
of tumor suppressors to prevent abnormal cell proliferation
and tumorigenesis, we investigated whether c-Myc-induced
USP10 is required for pl4ARF-mediated cellular senes-
cence [1]. HFF cells stably expressing either c-Myc or
shUSP10, or both, were established. As expected, while c-
Myc overexpression increased pl4ARF and USP10 protein
levels, c-Myc-induced pl4ARF accumulation was blocked

(0.8 pug), and pl4ARF (0.1 pg) as indicated. Cell lysates were immu-
noblotted with specific antibodies. g Cells were transfected with
plasmids expressing USP10 (4 pg), MKRN1 (4 ug), pl4ARF (2 ng),
and Ub (2 pg) as indicated. Cell lysates were immunoprecipitated with
HA antibodies under denaturation conditions. h Cells were transfected
with 30 nM control siRNA or USP10 siRNA for 72h followed by
transfection with HA/Ub (10 pg). Cell lysates were immunoprecipi-
tated with pl4ARF antibodies under denaturation conditions

upon USP10 ablation (Fig. 5a). This finding indicates that
the USP10-mediated deubiquitination process was impor-
tant for maintaining the stability of c-Myc-induced
pl4AREF. Furthermore, while c-Myc overexpression facili-
tated cellular senescence, which was detected by f-
galactosidase staining, this phenomenon was subdued fol-
lowing the depletion of USP10 (Fig. 5b). Next, we inves-
tigated whether USP10 ablation could induce cell
transformation upon c-Myc overexpression. Overexpression
of c-Myc alone could not induce the colony formation of
normal cells in soft agar as previously reported [36].
Interestingly, USP10 depletion under the condition of c-
Myc overexpression induced anchorage-independent col-
ony formation (Fig. 5c¢). Quantification analyses of cell
growth further indicated that USP10 ablation under c-Myc
overexpression  significantly  increased  anchorage-
independent cell growth compared with c-Myc over-
expression alone (Fig. 5c¢). To verify the tumor-suppressive
effects, USP10 was stably overexpressed in HFF and
IMR90, and its effects on cellular growth and senescence
were examined. USP10 overexpression stabilized pl4ARF
protein levels in both cell lines (Fig. 5d). In line with these
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Fig. 5 USP10 is required for c-Myc-induced cellular senescence. a
HFF cells were infected with lentiviral c-Myc and shUSP10. Cell
lysates were immunoblotted with specific antibodies. b Stable cells
were stained for B-galactosidase activity, and p-gal-positive cells from
three independent experiments were counted. ¢ Stable cells were
seeded in a soft agar matrix and cultured for 8 days. Anchorage-
independent cell growth was analyzed using the MTT assay. d HFF

observations, these cells exhibited accelerated cellular
senescence with decreased cellular growth (Fig. Se, f).
These phenomena were prevented by pl4ARF ablation
under USP10 overexpression (Fig. Se, f). Overall, these
results indicated that USP10 could accelerate cellular
senescence through pl4ARF stabilization.

USP10- null MEFs are resistant to cellular
senescence

To further investigate the role of USP10 in vivo, USP10-
knockout (KO) mice were generated using the CRISPR/
Cas9 system. We designed 4 sgRNAs targeting USP10
exon 2 sequences (Supplementary Fig. 5a) and tested their
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and IMR90 cells were injected with lentiviral USP10 and shp14ARF.
Cell lysates were immunoblotted with specific antibodies. e Cells were
stained for f-galactosidase activity. p-gal-positive cells from three
independent experiments were counted. f The same number of cells
was seeded and counted for 7 days. Error bars indicate 95% confidence
intervals. Three independent experiments were performed

ability to cleave the USPIO gene in vitro. Among
4 sgRNAs, #3 efficiently cleaved the USP10 gene (Sup-
plementary Fig. 5b). The sgRNA #3 was confirmed to
effectively cleave genomic DNA of USP10 but not cDNA
because one ‘g’ of the PAM domain was present in an
intron (Supplementary Fig. 5b). This sgRNA and cas9
were injected into an embryo. We acquired 38 newborn
mice, and after genotyping and high-resolution melt
(HRM) analysis, we found that ~90% of the mice had a
mutation in the USP10 gene, including a deletion, sub-
stitution and insertion (Supplementary Fig. 5S¢ and data not
shown). Among them, we selected #34, which had an early
stop codon in the USP10 gene, and obtained USP10-KO
MEFs.
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Fig. 6 USP10-KO MEFs escape from c-Myc-induced cellular senes-
cence. a WT and USP10-KO MEFs were immunoblotted with specific
antibodies. b MEFs were stained for p-galactosidase activity, and f-
gal-positive cells from three independent experiments were counted. ¢
The same number of cells was seeded and counted for 5 days. Error
bars indicate 95% confidence intervals. Three independent experi-
ments were performed. d MEFs were infected with retroviral c-Myc.

USP10-KO MEFs showed decreased pl9ARF protein
levels, as well as p53 (Fig. 6a). Accordingly, they displayed
decreased cellular senescence with increased cellular
growth compared with WT MEFs (Fig. 6b, c). c-Myc
overexpression in two different lines of USP10-KO MEFs
did not lead to pl9ARF accumulation as proficiently as in
WT MEFs (Fig. 6d). Notably, c-Myc overexpression in WT
MEFs displayed increased levels of USP10 as well as
p19ARF, which indicates that c-Myc could similarly
enforce the expression of USP10 in mouse cells (Fig. 6d).
As expected, USP10-KO MEFs did not display c-Myc-
induced cellular senescence as detected by p-galactosidase
staining but rather showed rapid cellular growth with a
transformed morphology (Fig. 6e, f). Furthermore, USP10-
KO MEFs increased anchorage-independent colony for-
mation in soft agar by c-Myc overexpression, which could
not be accomplished by WT MEFs (Fig. 6g). Based on
these results, we suggest that c-Myc-induced USP10 could

Cell lysates were immunoblotted with specific antibodies. e Cells were
stained for -galactosidase activity, and p-gal-positive cells from three
independent experiments were counted. f The same number of cells
was seeded and counted for 5 days. Error bars indicate 95% confidence
intervals. Three independent experiments were performed. g Cells
were seeded in a soft agar matrix and cultured for 8 days. Colonized
cells from three independent experiments were counted

increase the stability of pl9ARF and thus p53, which
reinforces the fail-safe program in response to oncogenic
stimuli.

¢-Myc/p14ARF/USP10 expression in tumor cells
correlates with a poor prognosis in human non-
small cell lung cancer (NSCLC)

The fail-safe program induced by c-Myc is largely disrupted
in various cancers [37]. This phenomenon led us to examine
whether the positive correlation between c-Myc and USP10
is maintained in various cancer cell lines, including breast,
pancreatic and lung. When c-Myc was knocked down in
these cell lines, the protein and mRNA levels of USP10
were diminished in two out of four breast cancer cell lines
we tested. These levels were not reduced in two breast
cancer cell lines: MCF7 and SKBR3. On the other hand, all
five pancreatic cell lines we tested displayed decreased
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Fig. 7 The functional axis of c-Myc-USP10-p14ARF in human non-
small cell lung cancer specimens is disrupted. a Representative images
of immunohistochemical staining of c-Myc, USP10, and p14ARF in
non-small cell lung cancer tissues. High magnification images are
shown in the inset. The scale bar is 100 um. b Overall survival curves
for non-small cell lung cancer patients according to combined markers
groups. Patients with combined c-Myc*/USP10", c-Myc"/p14ARF,
USP10/p14ARF, and c-Myc"/USP107/p14ARF  expression showed

levels of USP10 mRNA upon c-Myc ablation (Supple-
mentary Fig. 6a, b). Interestingly, all four non-small cell
lung cancer (NSCLC) cell lines we analyzed, A549, PC-9,
H23, and H460, did not display any decrease in USP10
levels upon knockdown of c-Myc. (Supplementary Fig. 7).
Having clarified the molecular mechanism by which c-Myc
increased pl4ARF protein stability by activating USP10
transcription and observing a substantial disruption of the
correlation between c-Myc and USP10 among NSCLC
cancer cell lines, we aimed to determine the clinical rele-
vance of the c-Myc, pl4ARF, and USP10 axis in human
NSCLC, a cancer exhibiting c-Myc overexpression
(Fig. 7a) [38, 39]. The clinicopathological characteristics of
the study are summarized in Supplementary Table 2. c-Myc
immunoreactivity was found more frequently in males (p=

0.01) and squamous cell carcinomas (p<0.001). In contrast,
pl4ARF expression was more prominent in adenocarcinomas
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significantly worse overall survival (p= 0.008, p= 0.021, p= 0.035
and p= 0.021, respectively) than patients with combined c-Myc”/
USP10*, c-Myc/pl4ARF*, USP10*/p14ARF*, and c-Myc/USP10
“/pl4ARF" expression. ¢ Proposed model. Oncogenic c-Myc induces
USP10 transcription to strengthen the fail-safe program by
deubiquitination-dependent stabilization of pl4ARF and p53, which
prevents immortalization and tumorigenesis in normal cells

(p= 0.045). USP10 expression was associated with an
earlier stage (p= 0.01) (Supplementary Table 2). As
expected, USP10 expression showed a positive correlation
with that of pl4ARF in NSCLC (Spearman’s rho = 0.315,
p= 0.001) (Supplementary Fig. 8a). Interestingly, c-Myc
expression negatively correlated with that of USPI0
(Spearman’s rho= -0.561, p<0.001) and pl4ARF
(Spearman’srho = -0.388, p<0.001) (Supplementary Fig.
S8A). These observations indicate that unlike normal cells,
the induction of USP10 by c-Myc was disrupted in NSCLC
by unknown mechanism, corroborating the data shown in
lung cancer cell lines (Supplementary Fig. 7).

Next, we examined the relationship of each protein
expression level with patient survival outcomes. Kaplan-
Meier plots demonstrated that patients with high pl4ARF
expression displayed significantly higher overall survival
than patients with low pl4ARF expression (72.5% vs.
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35.3%, p= 0.027) (Supplementary Fig. 8b). Furthermore,
the patients with combined c-Myc'/USP10~, c¢-Myc
“/pl4ARF~, USPI10 /pl4ARF~, and c¢-Myc'/USP10
“/pl4ARF" expression showed significantly worse overall
survival (38.0% vs. 69.4%, p= 0.008, 30.2% vs. 74.1%, p
= 0.021, 32.4% vs. 71.3%, p= 0.035, and 27.8% vs.
73.1%, p= 0.021, respectively) than patients with c-Myc
“/USP10*, c-Myc™ /pl4ARF*, USP10"/p14ARF", and c-
Myc /USP10*/p14ARF" expression (Fig. 7b). A combi-
nation of ¢-Myc"/USP10~ (hazard ratio= 6.11 (95% ClI,
1.54-24.3), p= 0.01), USP10" /pl14ARF* (hazard ratio =
0.30 (95% CI, 0.10-0.88), p= 0.029), and c-Myc' /USP10
“/pl4ARF" (hazard ratio= 5.12 (95% CI, 1.13-23.27), p
= 0.034) expression was found to be independent prog-
nostic factors with respect to overall survival using a Cox
proportional hazards model (Supplementary Table 1).
Overall these data indicated that ¢”Myc, USP10, and
p14ARF expression levels serve as important prognostic
factors in human NSCLC.

Discussion

One way for cancer to avoid the deleterious effects of
pl4ARF expression is to suppress its activities through
PTMs. In support of this hypothesis, pl4ARF, a lysine-less
protein, was ubiquitinated at a methionine residue located at
the N-terminus and degraded by proteasomes [40]. Since
this observation was reported, several E3-ligases, including
ULF, MKRNI1, and Sival, have been identified; these
ligases can mediate pl4ARF ubiquitination at the N-
terminus and proteasome-dependent degradation, prevent-
ing pl4ARF-dependent senescence, but its deubiquitinating
enzymes have not yet been revealed [23-25]. Interestingly,
c-Myc is known to interfere with the interaction between
ULF and 14ARF, stabilizing pl4ARF [23]. However, the
lack of a link between oncogenic signaling pathways and
the function of most PTM enzymes regulating the stabili-
zation of p14ARF that such interactions are isolated phe-
nomena and are not involved in the circuit of oncogenic
stresses.

In this study, we report the association between onco-
genic stimulus, c-Myc, and PTM of its target protein
through USP10, the first deubiquitinating enzyme of
pl4ARF. c-Myc mediated OIS is a processes that relies
heavily on pl4ARF expression followed by
pS3 stabilization [3]. Because p14AREF is a rather unstable
protein that is rapidly degraded in cells, it raises the ques-
tion as to whether there is any oncogene-dependent sig-
naling feedback that could stimulate pl4ARF protein
stabilization to reinforce a fail-safe program [24]. Interest-
ingly, the observation that c-Myc overexpression sig-
nificantly increases the protein stability of pl4AREF, as well

as its transcription provide a possible clue concerning PTM
pathways triggered by c-Myc (Fig. 1a). The microarray and
biochemical data showed that to increase the effects of
p14ARF following oncogenic stimulus, c-Myc induces the
transcription of USP10; this induces the deubiquitination of
p14ARF, preventing its proteasome-dependent degradation
(Figs. 1-4). Of note, USP10 is also known to be a DUB of
p53 [26]. It appears that USP10 could boost p53 activity
more potently by simultaneously deubiquitinating p53 and
pl4ARF (Fig. 7c). The USP10-mediated stabilization of
p14ARF suppresses the function of MDM?2, a true E3 ligase
of p53 and protects p53 from degradation [9, 10]. More-
over, concurrent deubiquitination of p53 by USP10 ensures
the protection of p53 from other E3 ligases [26] (Fig. 7c).
Thus, USP10 might function as a c-Myc-induced tumor
suppressor, enforcing the potent pl4ARF-p53 tumor-sup-
pressive axis.

The importance of USP10 induction by c-Myc has
clearly been shown by observations that USP10 ablation
prevents c-Myc-induced cellular senescence by destabiliz-
ing pl4ARF (Figs. 5 and 6). A positive correlation between
c-Myc and USP10 was observed in various cell lines,
including human fibroblasts, MEFs, pancreatic cancer cells,
and several breast cancer cell lines. Notably, this correlation
between c-Myc and USP10 expression is disrupted in sev-
eral breast cancer and NSCLC cell lines and tumor tissues
of NSCLC, indicating that the disruption of this pathway
might contribute to tumorigenesis (Supplementary Figs. 6
and 7). In support of this hypothesis, patients displaying c-
Myc"/USP10™, c¢-Myc"/pl4ARF~, USP10 /pl4ARF",
and ¢ Myc"/USP10/p14ARF~ expression exhibited sig-
nificantly worse overall survival than patients with ¢” Myc
“/USP10*, c-Myc /pl4ARF", USP10"/p14ARF", and c-
Myc /USP10* /p14ARF" expression (Fig. 7a, b). Disrupt-
ing the transcriptional effect of c-Myc on USP10 could be a
crucial factor in the suppression of OIS in NSCLC, which
will instigate escape from the fail-safe program (Fig. 7c).
These data underscore the importance of the c-Myc/
pl4ARF/USP10 axis in human cancer, particularly in
human NSCLC, and demonstrate that assessment of the c-
Myc/pl4ARF/USP10 expressional level in tumor cells
could serve as a valuable clinical index. Moreover, further
studies about the regulatory mechanisms by which c-Myc
mediated USP10 is dysregulated in several cancers will
provide clues for identifying pro-senescence therapeutic
targets.

Overall, our findings suggest that oncogenic c-Myc
induces USP10 transcription to strengthen the fail-safe
program by deubiquitination-dependent stabilization of
pl4ARF and p53, which prevents immortalization and
tumorigenesis in normal cells. Given that USP10 depletion
induced c-Myc-mediated transformation of normal cells and
that the c-Myc/USP10/p14ARF axis is disrupted in
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NSCLC, defects in this axis can accelerate tumorigenesis
without the intervention of oncogene-induced senescence,
which partly explains the bypass of OIS in human cancers.

Methods
Cell culture

Lung fibroblast (IMR90), human foreskin fibroblasts
(HFFs), an embryonic kidney cell line expressing SV40
large T antigen (293 T) and human non-small cell lung
carcinoma (H1299) were purchased from the American
Type Culture Collection (ATCC, Manassas, VA, USA).
Breast cancer cell lines including MDA-MB231, T47D,
MCF7, and SKBR3 and non-small cell lung cancer cell
lines including A549, H460 and H23 were provided from
the U.S. National Cancer Institute (NCI; MTA no. 2702-
09). PC-9 cells were purchased in 2015 from Sigma-Aldrich
Corporation (St. Louis, MO). All cell lines were grown in
MEM (Gibco), DMEM (HyClone) and RPMI (Gibco)
supplemented with 10% fetal bovine serum. All human
pancreatic cancer cell lines were purchased from ATCC and
grown in RPMI, IMDM or Mccoy supplemented with 10%
fetal bovine serum. All lung cancer cell lines except PC-9
and H1299 were tested and authenticated annually by STR
test in National Cancer Center Core Facility, Korea. STR
profile was analyzed using Gene Mapper v 5.0 software. All
the provided cell lines were aliquoted and frozen within
passage 10, and experiments were performed using thawed
cell lines from passage 7 to 18. Cell lines were tested for
infection of mycoplasma as soon as receipt using e-Myco™
plus Mycoplasma PCR Detection Kit (Intron, Seongnam,
Korea). Whenever subculture was performed, cells were
treated with plasmosin (Invivogen, San Diego, CA) in order
to prevent infection of mycoplasma.

Generation of USP10 KO mice and MEFs using
CRISPR/Cas9

Four candidate sgRNAs targeting USP10 were designed in
proximity to exon 2. For the experiments, the optimal
sgRNA was experimentally determined by measuring the
target DNA cleavage efficiency using an in vitro cleavage
assay for PCR products containing the target region of
genomic DNA and cDNA of USP10. The genomic DNA
and cDNA for USP10 gene were incubated at 37 °C for 1 h
with purified Cas9 protein and each sgRNA and then
resolved by agarose gel electrophoresis.

To generate USP10-deficient mice, microinjection of
fertilized zygotes and embryo transfer into pseudopregnant
foster mothers were performed, as previously described
[41]. Briefly, the SpCas9 mRNA and sgRNA (candidate
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#3F) were microinjected into the cytoplasm of one-cell
embryos from FVB/NTac mice, followed by transfer into
ICR pseudopregnant recipients to produce live animals. To
screen founder mice with a mutated USP10 locus, genomic
DNA were prepared from tail biopsies of 38 newborn mice.
The genomic region contacting the sgRNA target site was
PCR-amplified and resolved by agarose gel electrophoresis.
The PCR reactions were performed using primers
5 tcctgeectaggaaccttage—3 ! and
5 bggcgtgaagaagaaagcaac—3 ' and analyzed by sequencing
analysis.

USP KO MEFs were obtained from 13.5-day-old
embryos by washing them with PBS (Welgene) followed by
mincing. After mincing, the MEFs were incubated with
trypsin/EDTA (Gibco) at 37 °C. Trypsinized MEFs were
transferred to culture dishes, followed by addition of
DMEM containing 10% fetal bovine serum (Gibco).

Microarrays

HFF cells were infected with lentivirus expressing c-Myc,
and RNAs were purified and analyzed by microarray using
Human gene 2.0 ST array chips (DNA Link, Korea). Three
independent experiments were performed. The microarray
data are deposited under GEO number GSE101941

Human tumor samples

A total of 112 NSCLC cases were selected from the
pathology case archive of Asan Medical Center based on
the diagnosis and quality of the available tissue on the
paraffin blocks. None of the patients received neoadjuvant
treatments, and all underwent complete resections between
1993 and 2004. The tumors were staged according to the
International Union against Cancer tumor-node-metastasis
classification, and histology was defined and graded
according to 2004 WHO guidelines. A total of 62 patients
(58.5%) had adenocarcinomas, and 44 (41.5%) squamous
cell carcinomas. In total 72 (64.3%) were stage I, and 40
(35.7%) were stage Il or higher. Of the 61 cases with a
known smoking history, 31 (50.8%) patients had a smoking
history. Tissue samples were collected from patients who
had signed informed consent forms, which was approved by
the Institutional Review Boards of Asan Medical Cen-
ter (approval no.S2017-0068-0001; Seoul, South Korea).
This study was additionally approved by the Office of
Human Subjects Research at the National Institutes of
Health.

Immunohistochemistry and scoring

Tissue microarrays (TMAs) were constructed from 112
formalin-fixed, paraffin-embedded (FFPE) tissue specimens.
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For each case, areas with the most representative histology
were selected from review of hematoxylin and eosin (H&E)-
stained slides. Three 0.6-mm-diameter tissue cores were
retrieved from FFPE tissue blocks and arrayed on a recipient
paraffin block using a manual tissue arrayer MTA-1 (Bee-
cher Instruments Inc., Silver Spring, MD, USA). Multiple 5-
um-thick sections were cut with a microtome, and H&E-
stained TMA slides were examined every 50th section for
the presence of tumor cells.

TMA sections were deparaffinized with xylene and
dehydrated through a graded alcohol series, and heat-
induced antigen retrieval was performed for 20 min in
antigen retrieval buffer pH 9.0 (for c-Myc and p14ARF) or
pH 6.0 (for USP10) (Dako, Carpinteria, CA, USA) using a
pressure cooker (Pascal, Dako). The endogenous peroxidase
activity was quenched with 3% H,0, in water for 10 min.
The TMA sections were incubated with rabbit monoclonal
anti-c-Myc antibodies (Abcam, Cambridge, MA, USA;
Clone #Y69; dilution 1:100) overnight at 4 °C, mouse
monoclonal anti-pl4ARF antibodies (Cell Signaling Tech-
nology, Denver, MA, USA; Clone #4C6/4; dilution 1:1000)
for 1h at room temperature, or rabbit polyclonal anti-
USP10 antibodies (Abcam; Cat. #ab72486; dilution 1:1000)
for 1 h at room temperature. The antigen-antibody reaction
was detected with EnVision+ Dual Link System-HRP
(Dako) and visualized with DAB+ (3,3 “diaminobenzidine;
Dako). The stained slides were lightly counterstained with
hematoxylin and then imaged using NanoZoomer 2.0 HT
(Hamamatsu Photonics K.K., Japan) at a x20 objective
magnification. Appropriate negative controls were con-
currently assessed, and the TMAs included suitable positive
control tissues. Images were analyzed using Visiopharm
software (Ver. 4.5.1.324; Visiopharm, Hgrsholm, Den-
mark), as previously reported. Briefly, brown-colored (3,3 -
diaminobenzidine, DAB) and blue-colored (hematoxylin)
cells were separated spectrally. The brown staining intensity
(O-negative, 1-weak, 2-moderate, and 3-strong) was deter-
mined using a predefined algorithm and optimized settings.
The overall immunohistochemical score (histoscore) was
expressed as the percentage of positive cells multiplied by
their staining intensity (possible range, 0-300).

Statistical analyses

The median values of the histoscores were selected for cut-
off for discriminating low and high protein expression. The
association between the protein expression and clin-
icopathological characteristics was determined using a Chi-
square test. Overall survival according to the protein
expression level was analyzed using Kaplan—-Meier meth-
odology, and the survival curves were compared with the
log-rank test. Subsequently, we used a multivariate pro-
portional Cox model and adjusted for the following clinical/

pathological variables: cell type, pN factor, stage, and
vascular invasion. Statistical analyses were performed using
SPSS version 21.0 (SPSS, Chicago, IL, USA) and the R
statistical package (Version 3.1.2).
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