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Abstract: Changes in protein ubiquitination have been linked to cancer. Deubiquitinating enzymes (DUBs) counter-
act E3 ligase activities and have emerged as promising targets for cancer treatment. Ubiquitin-specific peptidase 5
(USP5) is a member of the DUBs family and has been implicated in promoting tumorigenesis in numerous cancers.
However, the clinical significance and biological function of USP5 in osteosarcoma (OS) remains unclear. Here,
we found elevated USP5 expression in OS tissues compared with normal bone tissues. Furthermore, we observed
significant associations of elevated USP5 levels with increased mortality and more malignant phenotypes in OS
patients. Moreover, our results revealed that USP5 could facilitate metastasis and cell progression in OS by activat-
ing the hedgehog (Hh) signaling pathway using cultured cells and animal tumor models. Mechanistically, USP5 ap-
peared to stabilize and deubiquitinate Gli1, a key mediator of the Hh signaling pathway. Additionally, the oncogenic
effect of USP5 in OS was dependent on Glil stability. Our findings support the model where USP5 contributes to
OS pathogenesis by activating the Hh/Glil signaling pathway, making USP5 a potential diagnostic and therapeutic

target for OS.
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Introduction

Osteosarcoma (0OS) is a type of bone cancer
that often develops in bone-forming cells, and
a common primary solid malignant tumor with
high risks of metastatic progression and recur-
rence [1]. Although combining surgery with che-
motherapy has greatly improved the outcomes
of OS patients, the five-year overall survival
rate of patients with metastatic or recurrent
OS remains unfavorable [2, 3]. Consequently,
investigating and understanding the molecular
mechanisms of OS tumorigenesis is crucial to
the development of novel and effective strate-
gies for the diagnosis and treatment of OS
patients.

The highly conserved hedgehog (Hh) signaling
pathway is vital to tissue development and
homeostasis [4]. The canonical Hh pathway is
activated upon ligand binding to the 12-pass

transmembrane receptors (Patched1 and Pat-
ched2), which leads to the release of the 7-pass
transmembrane protein Smoothened receptor
and the nuclear translocation of the Gli tran-
scription factors (Glil, 2, and 3) that ultimately
activate the transcription of downstream target
genes [5]. Dysregulation of the activation of the
Hh pathway, either through mutations of key
players or ligand overexpression, constitutes a
major contributor to cancer initiation and pro-
gression [6, 7]. For instance, RUNX3 has been
shown to suppress the metastasis and stem-
ness of colorectal cancer cells by inhibiting the
Hh signaling pathway [8]. Similarly, Li et al. dem-
onstrated that MT1M could promote gastric
cancer progression and stemness by modulat-
ing the Hh pathway protein Glil [9].

As a member of the DUBs family, USP5 can
modulate multiple cellular events and act as a
pathophysiologic agent in diseases such as
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Table 1. Correlation between USP5 and clinicopathologic Hospital of Nanchang University

characteristics of 82 OS patients

with written consent. Samples were

USP5 expression

Parameters n Low High
(n=28) (n=54)

P value

immediately stored in liquid nitro-
gen until further tests. Study proto-
cols were approved by the Ethics

Age (years)

<18 66 22 44

>18 16 6 10
Sex

Female 41 13 28

Male 41 15 26
Tumor size (cm)

<3 32 23 9

>3 50 5 45
Location

Upper limb bone 56 16 40

Lower limb bone 26 12 14
Clinical stage

I/1 33 19 14

/v 49 9 40
Pathological differentiation

Well/Moderately 38 15 23

Poor 44 13 31
Recurrence

Absence 39 17 22

Presence 43 11 32

P=0.0002

P=0.344

P=0.086

and Research Committee of the
Second Affiliated Hospital of Nan-
chang University. Patient clinical
characteristics are listed in Table 1.

P=0.753

P=0.641

Cell lines and cell culture

The normal human osteoblasts
(hFOB 1.19) and OS cell lines (U2-
0S, Saos-2, 143B, and MG-63) were
procured from ATCC (Rockville, MD,

P<0.0001

P=0.118 USA). Cell lines were maintained in

DMEM supplemented with 10%
fetal bovine serum (FBS; Thermo
fisher scientific, Waltham, MA, USA)
at37°Cand 5% CO,.

Over-expression constructs, and
lentivirus shRNA infection

USP5 or Glil overexpression plas-
mids were generated by subcloning
full-length cDNAs of human USP5
or Glil into the pRNAT-U6.1/Neo

cancer [10-12]. Previous studies have demon-
strated the diagnostic value of USP5, linking
USP5 with poor clinical outcomes in several
cancers including ovarian [13], pancreatic [14],
and liver cancers [15]. USP5 binds directly to
B-catenin and catalyzes its deubiquitination,
thereby promoting cancer stem cell-like proper-
ties in lung cancer [16]. Despite these observa-
tions, few studies to date have demonstrated a
direct role of USP5 as a carcinogenic factor.

In the present study, we found that high levels
of USP5 were strongly correlated with disease
progression and poor outcomes in OS patients.
Additionally, our data indicate that USP5 could
promote the growth and metastasis of OS cells
by activating the Hh/Gli1l signaling pathway.
Taken together, our results point to USP5 as a
promising target for developing novel strategies
for the diagnosis and treatment of OS.

Materials and methods
Patients and tissue specimens

Normal bone and OS tissue samples were col-
lected from patients at the Second Affiliated
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vector. OS cells were transfected
with these constructs using Lipo-
fectamine 3000. Because the pRNAT-U6.1/
Neo vector confers G418 resistance, cells were
selected in G418 to enrich for positively trans-
fected clones.

For stable knockdown of USP5, the shRNAs
targeting USP5 (shUSP5), 5-CCGGGACCACA-
CGATTTGCCTCATTCTCGAGAATGAGGCAAATCG-
TGTGGTCTTTTTG-3’ (shUSP5-1) and 5-CCG-
GCCTGTCTGTAAGGAGACTTTGCTCGAGCAAAGT-
CTCCTTACAGACAGGTTTTTG-3’ (shUSP5-2) and
a negative control (synthetized by Gene-
Pharma), were cloned into pLKO.1 puro vector
(Addgene, Cambridge, USA). 0OS cells were
infected with high-titer lentiviral stocks express-
ing shUSP5. And puromycin was used for stable
cell selection.

Real-time quantitative polymerase chain reac-
tion (QRT-PCR)

The total RNA extraction utilized a standard
TRIzol-based protocol. PrimeScript RT Reagent
Kit (Thermo fisher scientific, Waltham, MA,
USA) was used to reverse transcribe the
RNA according to the manufacturer’s instru-
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ctions. The qRT-PCR employed SYBR Premix Ex
Taq (TaKaRa, Dalian, China), and data was ana-
lyzed by the ABI PRISM 7900 HT sequence
detection system. The primer details are as fol-
lows: USP5 (sense: 5-CGAGTCTACTTGCACCT-
CCG-3’, antisense: 5-CGCCTTCAACACCAATA-
GCC-3’), Gli1 (sense: 5-GACAGAGGCCCACTC-
TTTTC-3’, antisense: 5-TCCGACAGAGGTGAG-
ATGGA-3’), and GAPDH (sense: 5-GAAAG-
CCTGCCGGTGACTAA-3’, antisense: 5-AGGAA-
AAGCATCACCCGGAG-3’).

Western blot assay and IHC staining

Western blot assays were performed using the
following antibodies: anti-USP5 (1:1000, Santa
Cruz), anti-Glil (1:1000, Abcam), anti-Tubulin
(1:2000, Santa Cruz), and anti-Gli2 (1:1000,
Abcam). Tubulin served as a loading control.
Signal detection was analyzed by enhanced
chemiluminescence (Pierce, USA).

For IHC staining, tissue samples were fixed,
embedded, sectioned, and deparaffinized. Sub-
sequently, sections were blocked in serum-free
protein blocking buffer (DAKO, CA, USA) for 30
minutes and stained with anti-USP5 (1:200,
Santa Cruz). All samples were examined by
three different researchers to independently
verify pathological information using the Ger-
man semiquantitative scoring method. Each
specimen was scored for the intensity of nucle-
ic, cytoplasmic, and membrane staining (no
staining =0, weak staining =1, moderate stain-
ing =2, strong staining =3) and for the extent
of stained cells (0%=0, 1%-24%=1, 25%-
49%=2, 50%-74%=3, 75%-100%=4). Final IHC
scores were the product of intensity scores
multiplied by extent scores.

Colony formation and CCK8 assay

The cell viability analysis employed Cell Coun-
ting Kit 8 (CCK8). OS cells with 1x102 cells/well
density were seeded in 6-well plates and cul-
tured for two weeks. Cells were then washed
thrice with phosphate-buffered saline, fixed in
methanol, and stained with 1% crystal violet.
Colonies that stained purple were counted and
quantified.

Cell migration and invasion assay

OS cells were examined for their metastatic
capacity in a Transwell Boyden chamber (pore
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size of 8 mm, BD Biosciences). The polycarbon-
ate membrane in the upper layer of the cham-
ber was pre-coated with substrate gel for the
cell invasion assay.

Tumorigenicity assay and bioluminescence
imaging

OS cells stably expressing the firefly luciferase
gene (generated through viral transduction)
were used for injection into animals and lucifer-
ase expression was monitored in vivo by biolu-
minescence imaging to assess tumor develop-
ment. For in vivo tumorigenicity assays, nude
mice (male BALB/c-nu/nu, aged six to eight
weeks) were injected subcutaneously with
0S cells (1x108, 100 ml PBS) in the abdomen.
Subsequently, the mice were anesthetized
using isoflurane and examined by Lumina Se-
ries Il IVIS (In Vivo Imaging System; Perkin-
Elmer, MA, USA) to detect luciferase signals in
vivo signals. The experimental protocols using
animal models were approved by the Ethics
Committee for Animal Experiments of the
Second Affiliated Hospital of Nanchang Univer-
sity.

In vivo metastasis assay

0S cells (5x10°) were re-suspended in DMEM
(50 pL) and injected into the tail vein of BALB/c
nude mice. The mice were euthanized after 12
weeks followed by the lung excision for H&E
staining and pathological examination. Animal
tests were approved by the Ethics Committee
for Animal Experiments of the Second Affiliated
Hospital of Nanchang University and were con-
ducted as per the “Guide for the Care and Use
of Laboratory Animals”.

Co-IP and in vivo ubiquitination assay

For Co-IP analysis, cell lysates were incubated
with primary antibodies overnight at 4°C
and subsequently with protein A/G-Sepharose
beads (Santa Cruz, USA). Co-precipitated pro-
teins were examined by immunoblotting using
appropriate antibodies. For in vivo ubiquitina-
tion assays, cells were co-transfected with
appropriate plasmids and then treated with the
proteasome inhibitor MG132 (50 pg/mL) for 12
hours. Cell lysates were then collected for
immunoprecipitation with anti-Glil antibodi-
es. The ubiquitination level of Glil was deter-
mined with an anti-Ubiquitin (linkage-specific
K48) antibody (1:1000, abcam, ab140601).
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Statistical analysis

Data were analyzed using GraphPad Prism 6
(GraphPad Software, USA) and represented as
mean + standard error. Statistical significance
was determined by the two-tailed distribution
analysis and Student’s t-test. Survival curves
were calculated via the Kaplan-Meier approach,
and the significance was determined through a
log-rank test. Values with P<0.05 were consid-
ered statistically significant.

Results

High USP5 expression is linked to poor progno-
sis in OS patients

To investigate the role of USP5 in OS develop-
ment, we first determined USP5 expression in
normal bone vs. primary OS tissues. qRT-PCR
data demonstrated that USP5 mRNA levels
were elevated in primary OS compared to nor-
mal bone tissues (Figure 1A and 1B). Likewise,
USP5 protein levels were also markedly upregu-
lated in most cases (Figure 1C and 1D).
Consistent with these data, IHC staining also
revealed upregulated USP5 expression in pri-
mary OS (Figure 1E and 1F).

To test whether USP5 could serve as a prognos-
tic factor in OS, the relationship between USP5
and the clinicopathological characteristics of
OS patients was probed. Results demonstrated
that USP5 expression levels could indeed be
linked to tumor size (P<0.0001) and clinical
stage (P=0.0002; Table 1). Moreover, data
from 82 OS patients found a negative correla-
tion between high levels of USP5 and survival
(five-year and disease-free) (Figure 1G and 1H).
Collectively, these findings indicate USP5 over-
expression in OS tissues, suggesting that ISP5
may be a promising prognostic marker for OS
patients.

USPS5 facilitates OS cell development in vitro
and tumorigenesis in vivo

To explore the biological function of USP5 in
0S, we next examined its expression in four OS
cell lines (U20S, Saos-2, 143B, and MG-63)
and normal human osteoblasts (hFOB 1.19)
(Figure 2A and 2B). We then transfected Saos-
2 and U20S cells with lentiviral vectors encod-
ing USP5-specific shRNAs (Figure 2C-E). CCK-8
assays indicated that USP5 silencing substan-
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tially inhibited cell proliferation (Figure 2F and
2G). Moreover, USP5 knockdown also signifi-
cantly suppressed the growth of OS cells in
colony formation assays (Figure 2H and 2I).
Importantly, tumorigenicity assays in nude mice
demonstrated that USP5-knockdown led to sig-
nificantly decreased tumor size and growth
(Figure 2J-L). Additionally, Ki67 staining assay
found a decline in cell proliferation as well
(Figure 2M). Collectively, our results suggest
that USP5 is a player in OS tumorigenicity regu-
lation in vivo and in vitro.

USP5 facilitates the ability of OS cells to me-
tastasize in vivo and in vitro

To further confirm the role of USP5 in OS tumor
progression, we assessed the effect of USP5
knockdown on the metastasis of OS cells via
Transwell invasion and migration assays. As
illustrated in Figure 3A-F, USP5-knockdown in
Saos-2 and U20S cell lines significantly reduced
the ability of these cells to invade and migrate.
We further investigated the impact of altered
USP5 expression on OS metastasis in vivo.
After six weeks, the average number of meta-
static lesions in lung tissue sections decreased
in the USP5-knockdown group compared to the
control group (Figure 3G and 3H). Collectively,
these results suggest that USP5 can facilitate
OS cell metastasis and invasion in vivo and in
vitro, supporting its oncogene role in OS.

The Hh pathway functions downstream of
USP5 and facilitates its role in OS cells

To uncover the mechanisms of USP5-mediated
OS tumorigenesis, we explored the GSEA
and TCGA databases. Based on our analysis,
the genomes of Hallmark_Hh pathway_Targets
were highly enriched in OS tissues with higher
expression levels of USP5 (Figure 4A), indicat-
ing that the Hh pathway was involved in USP5-
mediated function. Additionally, USP5 knock-
down inhibited the mRNA expression of target
genes downstream of the Hh signaling pathway
(Figure 4B and 4C). Interestingly, USP5 deple-
tion had no obvious effects on the protein level
of Gli2, whereas Glil protein levels were signifi-
cantly decreased (Figure 4D and 4E). Moreover,
we investigated Glil expression in OS tissues
exhibiting high expression levels of USP5 by
Western blotting assays (Figure 4F). Statistical
analysis revealed positive correlation between
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Figure 1. Overexpression of USP5 is correlated with poor outcomes in OS patients. (A and B) USP5 mRNA expression in OS and normal tissues was determined
by qRT-PCR analysis. “"P<0.001. (C and D) Identification and quantification of USP5 protein levels in OS and normal tissues by western blotting assay. Tubulin
served as a loading control. “*P<0.01. (E and F) Representative image (E) and quantification (F) of IHC staining of USP5 in OS and normal tissues. Scale bar, 50 ym.
“*P<0.01. (G and H) Overall and progression-free survival Kaplan-Meier curves of 82 0S patients plotted according to the expression level of USP5.
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Figure 2. Effects of USP5 on OS cell growth. (A and B) Protein and mRNA levels of USP5 were detected in four OS cell
lines and the normal human osteoblast line hFOB 1.19. Tubulin served as a loading control. ***P<0.001, **P<0.01.
(C-E) Western blot, and qRT-PCR analyses were used to monitor the expression level of USP5 in U20S and Saos-2
cells stably transfected with the USP5 knockdown vector. Tubulin served as a loading control. "*P<0.01. (F and G)
CCK-8 assays were performed in USP5-knockdown OS cells. “*P<0.01. (H and I) Representative images (left) and
quantification (right) of colony formation assays using OS cells transfected with the shUSP5 vector. *P<0.01. (J-L)
USP5-knockdown OS cells were injected into the flanks of each mouse (J). The tumors were weighed at experimen-
tal endpoints (K), and tumor size was monitored at the indicated time points (L). Scale bar, 50 ym. n=6, *P<0.05,
“P<0.01. (M) Representative images of Ki67 staining in tumour tissues isolated from the USP5-knockdown animal
group. Scale bar, 50 ym.
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Figure 3. USP5 accelerates the migration and invasion of OS cells in vitro and in vivo. (A-F) Transwell migration and
invasion assays using U20S and Saos2 cells transfected with the USP5 knockdown vector. The image was captured
at 400x maghnification. Scale bar, 50 ym. **P<0.01, "**P<0.001. (G and H) USP5-knockdown OS cells were injected
into the tail vein of nude mice, and the incidence of lung metastasis was measured after six to eight weeks. Repre-
sentative images (G) and quantification (H) of H&E staining of lung metastatic nodules are shown here. Scale bar,
50 um. N=6/group.

Gli1 and USP5 expression in OS tissues (Figure USP5 can directly interact with and deubiquiti-
4G and 4H). Moreover, IHC analysis found nate Glil

reduced Glil staining with USP5 knockdown in

mice (Figure 41). Collectively, the above findings Our results thus far demonstrated that silenc-
suggest that the Hh/GIil signaling pathway ing USP5 did not affect Glil mRNA levels in OS
may be crucial for the oncogenic role of USP5 in cells, suggesting a possible role for USP5 in
0sS. modulating Glil levels post-transcriptionally
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Figure 4. USP5 activates Hh/Gli1 signaling in OS cells. (A) GSEA comparing the gene sets of Hh pathway targets in USP5-high OS patients. Data were obtained from
the TCGA database. NES means normalized enrichment score. (B and C) gRT-PCR assays showing the expression levels of USP5, PTCH1, VEGFC, Cyclin D1, and
Snail in USP5-knockdown OS cells. **P<0.01. (D and E) Western blot analyses were used to detect the expression levels of USP5, Gli1, and Gli2 in OS cells stably
transfected with the USP5 knockdown vector. Tubulin served as a loading control. (F and G) Identification (F) and quantification (G) of USP5 and Glil protein levels
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in OS and normal tissues by the western blot assay. Tubulin served as a loading control. “*P<0.01. (H) Scatter plots
show a positive correlation between USP5 and Glil at the protein level in OS tissues. (I) Representative images of
Glil staining in tumour tissues isolated from the USP5 silencing animal group. Scale bar, 50 um.

(Supplementary Figure 1). In addition, treat-
ment with the autophagy inhibitor chloroquine

(CQ) did not impact Glil upregulation in USP5-
overeexpression OS cells (Supplementary
Figure 2), indicating that USP5 likely positively
regulates Glil expression in a lysosomal degra-
dation pathway-independent manner. As ex-
pected, USP5 overexpression enhanced Glil
expression in cycloheximide (CHX) treated OS
cells (Figure 5A-D). Furthermore, in the pres-
ence of the proteasome inhibitor MG132, Glil
protein levels remained comparable in USP5-
overexpressing vs. knockdown cells (Figure 5E
and 5F). Moreover, in co-IP assays using anti-
bodies against endogenous Glil and USP5, we
observed co-precipitation of Glil and USP5 in
OS cells (Figure 5G and 5H). As shown in Figure
51, GST pull-down further confirmed that USP5
could bind to Gli1 under cell-free conditions.
Additionally, co-localization of USP5 and Glil
was clearly evident in OS cells (Figure 5J).
Finally, ectopic expression of USP5 reduced
the K48-linked ubiquitination level of Glil,
whereas the opposite was observed with USP5
silencing in OS cells (Figure 5K and 5L). In addi-
tion, overexpression of USP5"T but not the cat-
alytic-inactive mutant USP5°33% significantly
upregulated the protein level of Glil in OS cells
(Supplementary Figure 3). Our findings com-
bined suggest that USP5 can act as a deubiqui-
tinating enzyme to stabilize Glil in OS.

USP5-mediated tumorigenic effects on OS
cells depend on Glil stability

We next performed rescue experiments to fur-
ther validate the tumor-promoting funciton of
USP5 in OS. As shown in Figure 6A, USP5-
knockdown cells exhibited elevated Glil expres-
sion in the presence of a Glil overexpression
vector. This rescued the viability and metastat-
ic ability of these USP5-knockdown OS cells
(Figure 6B-E). Subsequently, the Hh signaling
pathway ectopically expressing USP5 was inhib-
ited with the Glil inhibitor GANT61 (Figure 6F),
which reversed the elevated viability and meta-
static ability of OS cells (Figure 6G-J), confirm-
ing the importance of Glil to USP5-mediated
OS carcinogenesis.
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Discussion

Understanding OS pathogenesis is crucial for
devising advanced and effective treatment. An
overactive Hh/Glil signaling pathway is fre-
quently seen in many tumors; therefore, uncov-
ering the mechanism of its activation in OS may
facilitate the discovery of new therapeutic
strategies for OS patients. Our results showed
that USP5 could activate the Hh/Glil signaling
pathway to promote carcinogenesis, making a
possible prognostic marker and promising tar-
get for treating patients with OS.

Aberrant regulation of ubiquitination is associ-
ated with various cancers [17]. Ubiquitination
involves a series of enzymes, including E3s,
E2s, and Els, and an array of DUBs [18]. DUBs
are attractive therapeutic targets because of
their ability to inhibit the actions of E3 ligases
[19, 20]. USP5 is an oncogene implicated in the
pathogenesis of several types of cancer [8, 12].
However, less is known about the molecular
mechanism or function of USP5 in OS. To the
best of our knowledge, our study is the first to
investigate the role of USP5 in OS. Higher levels
of USP5 expression were observed in tumor
samples from OS patients compared with nor-
mal bone tissues. And a significant association
was observed between elevated USP5 expres-
sion and decreased patient survival, distant
metastases, clinical stage, and tumor size.
Furthermore, results from cultured cells and
animal tumor models revealed that USP5 could
activate the Hh/Glil signaling pathway, thereby
promoting OS proliferation and metastasis.
Collectively, these findings suggest the possi-
bility of using USP5 as a new marker of severe
0sS.

Gli1, a member of the GLI family, is known to be
up-regulated in malignant gliomas, and its
abnormal activation a critical process in the Hh
signaling pathway [7, 21]. In normal cells, the
Glil protein activity is tightly modulated, spatio-
temporally and quantitatively. Its dysregulation
has been found to contribute to malignant fea-
tures in several cancers [22]. Recent studies
have shown the importance of post-translation-
al modifications, particularly ubiquitination, to
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Figure 5. USP5 interacts with Glil and stabilizes Glil expression via deubiquitination. (A-D) Representative (A and
C) and quantitative (B and D) results of Gli1 protein levels in USP5-knockdown OS cells. At the indicated time points,
CHX-treated cells were analyzed by Western blotting. **P<0.01. (E and F) USP25-overexpressing (E) or USP5-knock-
down (F) OS cells were treated with MG132 (10 uM) for 6 h. Cells were then collected and analyzed by Western blot-
ting with the indicated antibodies. (G and H) The correlation between USP5 and Glil was determined in U20S cells
by co-IP assays. (1) GST pull-down assays were performed to detect interactions between USP5 and Glil in HEK293
cells. (J) Co-localization studies of OS cells using an anti-USP5 antibody (1:100, green) and an anti-Gli1 antibody
(1:100, red), followed by DAPI nuclear counterstaining (blue). The merged images of USP5 (green) and Glil (red)
with DAPI (blue) are also shown. Scale bar, 50 um. (K and L) Lysates from U20S cells transduced with Flag-USP5 (K)
or shUSP5 (L) were immunoprecipitated with an anti-Ub antibody and immunoblotted with the anti-Gli1 antibody.

the deubiquitination pathway [25, 26]. Our
results demonstrate that USP5 is a specific
Glil deubiquitinase in OS cells. USP5 has been
suggested to control the ubiquitination of other

the regulation of Glil [23, 24]. Although several
E3-ubiquitin ligases may ubiquitinate and
thereby leading to the degradation of Glil, little
is known about the regulation of Glil through
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Figure 6. The oncogenic effect of USP5 is dependent on Glil activation. (A) After overexpressing Glil in USP5-
knockdown U20S cells, the protein levels of USP5 and Glil were examined. Tubulin served as a loading control. (B-E)
Restoring Glil expression impaired the anti-tumor effect from USP5 knockdown, as determined by CCK8 (B), colony
formation (C), and Transwell assays in U20S cells. "*P<0.01. (F) The protein levels of USP5 and Glil were detected in
USP5-overexpression U20S cells after treatment with or without the Glil inhibitor GANT61 (30 uM). Tubulin served
as a loading control. (G-J) Quantification for CCK8 (G), colony formation (H) and Transwell assays (I and J) of USP5-
overexpression U20S cells transfected with or without GANT61. *P<0.05, “*P<0.01. (K) A proposed model of USP5

function in promoting Hh/Gli1 pathway signaling in OS.

substrates in a variety of malignancies [27, 28].
For instance, USP5 promotes progression
of non-small cell lung cancer by stabilizing
PD-L1 [29]. In the present study, we found that
USP5 interacted with Glil directly and inhibited
its poly-ubiquitination, thereby stabilizing Glil
expression in OS cells. Importantly, rescue
experiments further confirmed that the onco-
genic effect of USP5 in OS was dependent on
Glil stability. Thus, these findings support Glil
as a crucial target of USP5 in OS. Although the
broader role of USP5 in regulating other targets
in OS remains to be determined, the identifica-
tion of USP5 as a Glil deubiquitinase should
spur more research on USP5 as a therapeutic
target in OS.

In summary, our work has revealed that USP5
activates the Hh signaling pathway, a key carci-
nogenesis regulator in many malignancies. This
is accomplished through Glil's ubiquitination-
regulated processing, which is induced by func-
tional cooperation of USP5 and Gli1 (Figure
6K). Considering the pivotal role of the Hh sig-
naling pathway in tumor development, target-
ing molecular players to down-regulate the Hh
signaling should be evaluated clinically for anti-
cancer treatment. Our findings should provide
insight into the mechanisms underlying the
relationship between metastatic and advanced
OS and highlight USP5 as a tumorigenesis pro-
motor and Glil as an oncogenic factor.
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Supplementary Figure 1. The mRNA levels of USP5 and Glil were detected. (A and B) The mRNA levels of USP5 and
Gli1l assessed by gRT-PCR in U20S (A) and Saos-2 (B) cells transfected with shNC or shUSP5.
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Supplementary Figure 2. USP25-overexpressing OS cells were treated with or without CQ treatment. Cells were col-
lected and subjected to Western blot analysis with the antibodies indicated.
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Supplementary Figure 3. The U20S cells were transfected with control, USP5%T, or USP5¢33% overexpressed plas-
mid. Cells were collected and subjected to Western blot analysis with the antibodies indicated.



