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Abstract: Chondrosarcoma, a treatment-resistant cancer with limited therapeutic options, lacks significant advance-
ments in treatment methods. However, PR-619, a novel inhibitor of deubiquitinating enzymes, has demonstrated 
anti-tumor effects in various malignancies. This study aimed to investigate the impact of PR-619 on chondrosarcoma 
both in vitro and in vivo. Two human chondrosarcoma cell lines, SW11353 and JJ012, were utilized. Cell viability was 
assessed using an MTT assay, while flow cytometry enabled the detection of apoptosis and cell cycle progression. 
Western blotting analyses were conducted to evaluate apoptosis, cell stress, and endoplasmic reticulum (ER) stress. 
Furthermore, the in vivo anti-tumor effects of PR-619 were examined using a xenograft mouse model. The results re-
vealed that PR-619 induced cytotoxicity, apoptosis, and cell cycle arrest at the G0/G1 stage by activating caspases, 
PARP cleavage, and p21. Moreover, PR-619 increased the accumulation of polyubiquitinated proteins and ER stress 
by activating IRE1, GRP78, caspase-4, CHOP, and other cellular stress responses, including JNK activation. In vivo 
analysis demonstrated that PR-619 effectively inhibited tumor growth with minimal toxicity in the xenograft mouse 
model. These findings provide evidence of the anti-tumor effects and induction of cellular and ER stress by PR-619 
in human chondrosarcoma, suggesting its potential as a novel therapeutic strategy for in human chondrosarcoma.
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Introduction

Chondrosarcoma is the second most common 
primary bone sarcoma and accounts for ~30% 
of malignant bone tumors in humans world-
wide. Chondrosarcomas are resistant to most 
conventional treatments, making surgical re- 
section the only cure [1, 2]; the prognosis for 
advanced chondrosarcomas that cannot be 
completely resected remains grim. Chondro- 

sarcomas are commonly chemotherapy-resis-
tant and do not respond to any standard che-
motherapy regimens [3]. 

This resistance to chemotherapy of chondrosar-
coma has been associated with multidrug-
resistance 1 gene p-glycoprotein expression, 
increased expression of Bcl-2 family proteins, 
and poor vascularity resulting in poor delivery of 
anti-cancer agents to chondrosarcomas [4, 5]. 
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New therapeutic targets including Hedgehog, 
Src, PI3k-Akt-mTOR, histone deacetylase inhibi-
tors, and angiogenesis have been proposed, 
but clinical evidence is still lacking. Thus, it is 
thus imperative to develop novel therapeutic 
targets to treat such highly malignant, unre-
sectable, or metastatic diseases [6, 7].

The balance between protein synthesis and 
degradation must be maintained to ensure the 
dynamic balance of protein-dependent cellular 
functions [8]. Ubiquitination is a post-transla-
tional modification of a protein. During ubiquiti-
nation, the substrates can be targeted and 
labeled with a key regulatory molecule, ubiqui-
tin, for effective proteasome degradation [9, 
10]. Ubiquitin links to the target protein through 
a series of enzymes to precisely regulate the 
function of intracellular proteins and regulate 
many important physiological functions in cells. 
Furthermore, ubiquitin regulation involves acti-
vation, coupling, and ligation, requiring ubiqui-
tin-activating enzyme (E1), ubiquitin-conjugat-
ing enzyme (E2), and ubiquitin ligase (E3) [9, 
10].

Ubiquitination is reversible through the action 
of a large group of proteases called deubiquiti-
nating enzymes (DUBs) that function to remove 
ubiquitin chains from target proteins [11, 12]; 
~100 DUBs are encoded in the human genome 
[7]. Proteasome-related DUBs remove ubiquitin 
chains before the degradation of target pro-
teins, since they sterically inhibit the transloca-
tion of a target protein to the 20S core [13]. 
DUB regulation has also been a promising tar-
get for cancer treatment [14]. Deubiquitinating 
enzyme inhibitors (DUBIs) trigger the accu- 
mulation of polyubiquitinated proteins that can 
cause DNA damage, apoptosis, autophagy, and 
numerous other abnormal cell responses in 
cancer cells [15, 16]. Small-molecule DUBIs 
have been reported to be effective against  
various cancers [17, 18], and pharmacological 
research has discovered several potential clini-
cal applications of new DUB inhibitors or antag-
onists. However, the cytotoxic effects of DUBIs 
on chondrosarcomas have not been well-stud-
ied [19]. As a pan-DUB inhibitor, PR-619 is a 
promising anti-cancer drug with broad specific-
ity [20, 21]. Therefore, this study aimed to ana-
lyze cell cycle, cell survival stress, and apopto-
sis both in vitro and in vivo, using a xenograft 
mouse model to investigate the anti-tumor 

effects of PR-619 on chondrosarcomas and the 
underlying mechanisms through which it sup-
presses human chondrosarcoma.

Materials and methods

Cell cultures

Two human chondrosarcoma cell lines, namely 
JJ012 (provided by Dr. Sean P. Scully, School of 
Medicine, Miami University, USA) and SW1353 
(from the Biological Resources Collection and 
Research Center, Taiwan), were used for the 
experiments during this study. SW1353 cells 
were maintained in an RPMI-1640 medium, 
and JJ012 cells were maintained in an L-15 
medium, supplemented with 10% fetal bovine 
serum (Hyclone, Pittsburgh, PA, USA) and main-
tained at 37°C and 5% CO2 in a humidified 
atmosphere [19, 22].

Reagents and antibodies

Different concentrations of PR-619 (Med- 
ChemExpress, Monmouth Junction, NJ, USA) 
were prepared as a suspension in Dimethyl 
sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, 
USA). Western blotting analyses were per-
formed using specific antibodies against vari-
ous proteins, including phospho-histone H2A.X 
(Ser139, catalog No. 80312), cleaved cas-
pase-3 (catalog No. 9664), cleaved PARP (Poly 
ADP-ribose Polymerase, catalog No. 5625), 
phospho-SAPK/JNK (stress-activated protein 
kinases/Jun amino-terminal kinases, Thr183/
Tyr185, catalog No. 9255), CHOP (CCAAT-en- 
hancer-binding protein homologous protein, 
catalog No. 2895), IRE1 (ER-resident trans-
membrane kinase-endoribonuclease inositol-
requiring enzyme 1, catalog No. 3294), cas-
pase-4 (catalog No. 4450), phospho-ERK 
(extracellular signal-regulated kinase, catalog 
No. 4370), AKT (protein kinase B, catalog No. 
4685), phospho-AKT (catalog No. 4060), PCNA 
(proliferating cell nuclear antigen, catalog No. 
13110), p21 (cyclin-dependent kinase inhibitor 
1, catalog No. 2947) and phospho-histone H3 
(catalog No. 4499), purchased from Cell Sig- 
naling Technology (Danvers, MA, USA). In addi-
tion, α-tubulin (catalog No. 112141) and gly- 
ceraldehyde 3-phosphate dehydrogenase (GA- 
PDH; catalog No. 100118) antibodies were pur-
chased from GeneTex (Irvine, CA, USA). Anti- 
bodies of ERK (catalog No. sc-514302), SAPK/
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JNK (catalog No. sc-9252), and β-actin (cata- 
log No. sc-47778) were purchased from Santa 
Cruz Biotechnology (Dallas, TX, USA). All other 
reagents and chemicals were purchased from 
Sigma-Aldrich, Merck Millipore (Burlington, MA, 
USA), Thermo Fisher Scientific (Rockford, IL, 
USA), or Bio-Rad Laboratories (Hercules, CA, 
USA).

Measurement of cell viability

A 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetr- 
azolium bromide (MTT) assay was used to 
determine cell viability. Cell lines were cultured 
in a 96-well microtiter plate (5000 cells/well) 
and incubated at 37°C for 24 h before drug 
treatment. After various treatment, cells were 
treated with the MTT reagent at 37°C for 4 h, 
and the reduced crystals were dissolved in 
DMSO. Absorbance was then detected using 
the Thermo Multiskan FC microplate photome-
ter (Thermo Fisher Scientific) at 570 nm [23].

Western blot analyses

Cells were washed with ice-cold PBS and lysed 
on ice using a cell lysis buffer (Cell Signaling 
Technology) for 15 min, followed by centrifuga-
tion at 4°C and 10,000 × g for 15 min. After 
collecting the clear supernatant, protein con-
centration was estimated using the BCA pro- 
tein assay kit (Thermo Scientific). Sodium 
dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) was performed to analyze  
all samples, and the collected proteins were 
transferred to a polyvinylidene fluoride (PVDF) 
membrane (GE Research, Niskayuna, NY, USA). 
The membrane was blocked for at least 1 h 
using 5% bovine serum albumin in Tris-buffer- 
ed saline containing Tween (TBST), after which 
it was incubated with specific primary antibod-
ies overnight at 4°C. The next day, the PVDF 
membrane was washed thrice with TBST for 10 
min each, and then incubated with the appro-
priate horseradish peroxidase-conjugated sec-
ondary antibody (GeneTex) for 1 h at 25°C. 
Finally, the antibody-bound PVDF membrane 
was incubated with the Immobilon ECL Ultra 
Western HRP Substrate (Merck Millipore) and 
was developed and visualized using GE 
ImageQuant LAS 4000. Moreover, the expres-
sion levels of target proteins were quantified 
using NIH Image J software (version 1.52q) with 
normalization to each internal control (i.e., 
α-tubulin, β-actin, and GAPDH) [23].

Apoptosis assay

The Muse Annexin V & Dead Cell Kit (Merck 
Millipore) was used for apoptosis detection, 
according to the manufacturer’s instructions. 
Flow cytometry (Muse Cell Analyzer, Merck 
Millipore) was used to detect and quantify the 
stained apoptotic cells thus obtained [24].

Cell cycle analysis via flow cytometry

Cells were seeded, cultured to 40% confluen- 
ce, and treated with DMSO (i.e., the control) or 
PR-169 for 24 h. Cell cycle analysis was per-
formed using a Muse Cell Cycle Assay Kit and  
a Muse Cell Analyzer flow cytometer (Merck 
Millipore) [25].

Cell proliferation assay

A commercial 5-bromo-2’-deoxyuridine (BrdU) 
incorporation assay (Merck Millipore) kit was 
used to evaluate the proliferation status of 
chondrosarcoma cells. After various treat-
ments, an incorporation assay was performed 
according to the manufacturer’s protocol. The 
absorbance of each reaction was detected 
using the Thermo Multiskan FC microplate pho-
tometer at dual wavelengths of 450 and 540 
nm [23].

In vivo xenograft experiments

A total of 5 × 105 JJ012 or SW1353 cells were 
suspended in 200 μL of serum-free medium 
and an equal amount of Matrigel (BD Bio- 
sciences, Bedford, MA, USA). The cell suspen-
sion thus derived was then injected subcutane-
ously into the dorsal side of 8-week-old male 
nude mice (National Laboratory Animal Center, 
Taipei, Taiwan). When the tumor grew to ~150 
mm3, mice were randomly assigned to either 
the PR-619 treatment group or the control 
group. Mice in the treatment group received 
PR-619 10 mg/kg intraperitoneal injection 
twice daily for 48 days. Mice in the untreated 
control group received an injection of DMSO 
solution. Calipers were used to measure tumor 
volume twice a week [V = LD × (SD)2/2, where V 
= tumor volume, LD = longest diameter of the 
tumor, and SD = shortest diameter of the 
tumor] [23, 25]. The serum testing of mice was 
conducted by the Animal Center at the College 
of Medicine, National Taiwan University. All 
studies involving animal experiments were 



RP-619 inhibits chondrosarcoma

3058	 Am J Cancer Res 2023;13(7):3055-3066

approved by the National Taiwan University 
College of Medicine and College of Public 
Health Institutional Animal Care and Use Com- 
mittee (IACUC) (No. 20180156) and followed 
ARRIVE guidelines.

Tissue array analysis

Tissue arrays (catalog number: T261b at 
Biomax, Rockville, MD, USA) containing normal 
cartilage tissue and chondrosarcoma tissues 
on the CREST coated glass slides from Ma- 
tsunami Glass Industry (Osaka, Japan) were 
purchased from US Biomax-TissueArray.Com 
(Rockville, MD, USA). The human tissue micro-
array was subjected to immunohistochemical 
(IHC) staining with ubiquitin-specific protease 
14 (USP14, catalog No. MA5-32821 from The- 
rmo Fisher), ubiquitin-specific protease 21 
(USP21, catalog No. 17856-1-AP from Protein- 
tech, Rosemont, IL, USA) and ubiquitin C-ter- 
minal hydrolase L5 (UCHL5, catalog No. 11527-
1-AP from Proteintech) antibodies, after which 
it was imaged using the TissueFAXS System 
and analyzed using the StrataQuest Analysis 
System (TissueGnostics, Vienna, Austria). A 
board-certified pathologist (Dr. Lin W.C.) 
assessed the immunoreactivity of the tissue.

Statistical analysis

GraphPad Prism 6 software was used for  
statistical analysis, and all data were express- 
ed as mean ± standard deviation or standard 
error of the mean. Student’s t-test was used for 
statistical analyses.

Results

The expressions of deubiquitinating enzymes 
USP14, USP21 and UCHL5 increased in chon-
drosarcoma cells

Previous research has indicated that deubiqui-
tinating enzymes (DUBs) exhibit increased 
expression levels in tumor cells. Therefore, the 
objective of this study was to examine the 
expression of DUBs specifically in chondrosar-
comas. For this purpose, three representative 
DUBs were identified: ubiquitin-specific prote-
ase 14 (USP14), ubiquitin-specific protease 21 
(USP21), and ubiquitin C-terminal hydrolase L5 
(UCHL5). Immunohistochemistry (IHC) staining 
was employed on clinical samples utilizing tis-
sue arrays. The results demonstrated a signifi-

cant upregulation of USP14, USP21, and UC- 
HL5 in chondrosarcoma tumor tissues (Figure 
1A and 1B) compared to normal cartilage 
(Figure 1C-H). These findings suggest that 
DUBs may contribute to the development and 
progression of chondrosarcomas.

USP21, USP14, and UCHL5 have been found to 
regulate molecules involved in cell cycle regula-
tion and cell proliferation. Inhibition of these 
enzymes in cancer cells has demonstrated the 
induction of cell death, even in the case of  
bone tumors [26-29]. In chondrosarcoma, 
DUBs are known to be upregulated, and this 
upregulation is thought to contribute to tumor 
progression [30-32]. PR-619, a broad-spec-
trum inhibitor of DUBs including USP21,  
USP14, and UCHL5, has displayed promising 
potential in suppressing the growth of chondro-
sarcomas [28]. By specifically targeting and 
inhibiting DUBs, PR-619 presents a potential 
therapeutic approach for controlling the pro-
gression of chondrosarcomas.

PR-619 reduces cell viability and induces 
apoptosis of chondrosarcoma cells

Then we examined the anti-tumor effects of 
PR-619 on the JJ012 and SW1353 human 
chondrosarcoma cell lines, with PR-619 con-
centrations ranging from 2.5 to 17.5 μM for 24 
and 48 h. PR-619 significantly reduced the via-
bility of chondrosarcoma cells in a dose- and 
time-dependent manner (see Figure 2A). An- 
nexin V-FITC/PI labeling flow cytometry was 
used to analyze the apoptotic effects of 
PR-619-on chondrosarcoma cells; PR-619 
treatment (2.5 μM and 5 μM) for 48 h signifi-
cantly triggered apoptosis in chondrosarcoma 
cells (see Figure 2B). In addition, PR-619 treat-
ment on both chondrosarcoma cells lines for 
48 h resulted in the cleavages of caspase-3, 
PARP, and histone H2A.X (a DNA damage mark-
er, see Figure 2C).

PR-619 increases the accumulation of polyu-
biquitinated proteins, induces cellular stress 
and endoplasmic reticulum stress-related 
apoptosis in chondrosarcoma cells

Imbalances in protein homeostasis can cause 
cellular stress and protein-folding stress within 
the endoplasmic reticulum (ER) [33], which is 
involved in many the progress in many cancers. 
ER stress is buffered by activating the unfolded 
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protein response (UPR), a homeostatic signal-
ing network designed to recover ER function. As 
a pan DUB inhibitor, PR-619 interrupts protein 
turnover within the ubiquitin-proteasome sys-
tem and further aggravates both cellular and 
ER stress; this results in apoptosis if cells fail  
to adapt to ER stress caused by excess unfold-
ed proteins [34]. To investigate the effects of 
PR-619, a drug known to accumulate polyubiq-
uitinated proteins [35], we treated the chondro-
sarcoma cell lines JJ012 and SW1353 with 5 
μM PR-619 for 48 hours. After treatment, we 
performed Western blot analysis using an anti-
ubiquitin antibody. The results showed a signifi-
cant increase in polyubiquitination levels in the 

cells exposed to PR-619 (Figure 3A). In addi-
tion, our results show that PR-619 was respon-
sible for activating cellular stress-related mole-
cules, such as phosphorylated SAPK/JNK, in a 
dose-dependent manner (Figure 3B). Addi- 
tionally, PR-619 induced ER stress via the up-
regulation of IRE-1, GPR78, CHOP and cas-
pase-4, all of which are related to ER stress-
induced apoptosis (Figure 3C) [36].

PR-619 inhibits cell proliferation and cell cycle 
progress via ERK and AKT inactivation

The impact of PR-619 on cell proliferation was 
examined using the bromodeoxyuridine (BrdU) 

Figure 1. Increased expressions of USP14, USP21 and UCHL5 deubiquitinating enzymes in chondrosarcoma cells 
(A and B) compared to those in normal human cartilage (C-H). Tissue array slides were subjected to immunohisto-
chemical analysis by using anti-USP14, anti-USP21 and anti-UCHL5 antibodies; all sections were digitally processed 
at 200 × magnification.
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Figure 2. PR-619 inhibited cell viability and induced apoptosis in human chondrosarcoma cells. A. JJ012 and 
SW1353 cells were treated with 2.5 and 5 μM of PR-619 for 24 and 48 h, respectively, after which they were 
harvested for MTT assays. B. JJ012 and SW1353 cells were treated with 2.5 and 5 μM PR-619 for 48 h; DMSO 
treatment was considered the untreated control group. Flow-assisted cell sorting with propidium iodide and annexin 
V-FITC staining was used to quantify apoptotic cells. C. Cell lysates were harvested after PR-619 treatment for 48 
h. Following this, the expressions of cleaved caspase-3, cleaved PARP, and phosphorylated histone H2A.X were 
analyzed via Western blotting analysis. Results are representative of three independent experiments and data are 
presented as mean ± SD values; *P<0.05 was considered significant as compared with the control. Full-length blots 
are presented in Figure S1. 

incorporation assay. Treatment with 5 μM  
of PR-619 for 48 h significantly reduced cell 
proliferation in human chondrosarcoma cells 
(Figure 4A). The effects of PR-619 on cycle pro-
gression in chondrosarcoma cells were ana-
lyzed through flow cytometric analyses; PR-619 
induced cell cycle arrest at the G0/G1 stage  
in chondrosarcoma cells (see Figure 4B). The 
ERK-MAPK and PI3K/AKT/mTOR pathways are 
involved in cell differentiation, proliferation, 
and cell cycle, having been demonstrated to 
promote tumorigenesis. ERK or AKT inhibitors 
are effective in treating various human cancers 
[37, 38], and the dual inhibition of the ERK and 
AKT signaling pathways has synergistically in- 
hibited chondrosarcoma growth [33]. Western 
blot analyses showed that PR-619 inactivated 
phospho-ERK and phospho-AKT without any 
effect on the expression of pan ERK and pan 

AKT (Figure 4C). In addition, PR-619 increased 
the expression levels of p21 while suppressing 
the expression of phosphor-histone H3 and the 
PCNA cell proliferation marker in cell cycle regu-
latory proteins (Figure 4C).

PR-619 suppresses tumor growth of in vivo 
human chondrosarcoma xenograft

Furthermore, this study evaluated the anti-
tumor effects of in vivo PR-619 treatment using 
a xenograft mouse model. JJ012 and SW1353 
cells were mixed with Matrigel and injected 
subcutaneously into the flanks of nude mice. 
PR-619 showed significant anti-tumor effects 
on xenograft tumors from both cell lines (see 
Figure 5A and 5B). To monitor the toxicity of 
PR-619 in mice, body weight was measured 
every 8 days. At the end of the experiment, 
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blood was collected, and serum was separat- 
ed to measure aspartate aminotransferase 
(abbreviated as AST or GOT) and creatinine lev-
els. These measurements served as indicators 
of potential liver and kidney toxicity, respective-
ly. There were no significant changes in body 
weight, serum GOT levels, or serum creatinine 
levels between the normal saline group and the 
PR-619 group throughout the treatment period. 
This suggests that PR-619 did not cause any 
apparent toxicity to the mice (see Figure S4).

Discussion

The ubiquitination of proteins plays a key role in 
cellular signal transduction pathways and medi-
ates protein stability. Ubiquitin-proteasome 
system (UPS) dysregulation has been reported 
to be associated with various cancers [39]; 
cancer cells take advantage of the UPS by  
alternating the degradation of specific proteins, 
thereby promoting cancer proliferation and 
reducing apoptosis [17, 39]. UPS processes are 
thus potential anti-cancer targets. DUBs are 
proteases that reverse protein ubiquitination 
and are crucial for maintaining cellular protein 

homeostasis; ~100 DUBs are encoded within 
the human genome and have been identified 
as promising targets for cancer therapy [18, 
19]. PR-619 has previously been reported to 
exert a broad DUB-inhibitory profile that results 
in the accumulation of polyubiquitinated pro-
teins and 26S proteasome complexes [21, 35, 
40]. PR-619 effectively treats some cancers 
[18, 35, 41]. This study is the first to indicate 
that chondrosarcomas are a good candidate 
for DUB inhibitor treatment.

When cells in our study encountered stress, 
protein synthesis or degradation was initiated 
to cope with the stress [35]. Meanwhile, the 
dysregulated protein synthesis, modification, 
and degradation triggered ER stress and 
unfolded protein response (UPR). If ER stress is 
intense and irreversible, or the adaptive res- 
ponse fails, apoptosis would occur. UPR was 
reported to be associated with the progress of 
chondrosarcoma [22, 42]. Targeting the path-
way to disturb protein homeostasis and poten-
tiate ER stress is a promising strategy for chon-
drosarcoma treatment. In this study, we noted 
that PR-619 aggravated ER stress with activa-

Figure 3. PR-619 induced cellular stress and ER stress-related apoptosis in chondrosarcoma cells. JJ012 and 
SW1353 cells were treated with 2.5 and 5 μM PR-619, respectively, or DMSO for the nontreated control, for 48 h. 
A, B. Cell lysates were harvested and analyzed using Western blot analysis with specific antibodies against ubiqui-
tin, phspho-SAPK/JNK and SAPK/JNK. C. Expressions of IRE-1, GRP78, caspase-4, and CHOP in total cell lysates 
analyzed using western blotting analyses; all results are representative of at least three independent experiments. 
Full-length blots are presented in Figure S2.
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Figure 4. PR-619 inhibited cell proliferation and induced cell cycle arrest at G0/G1 in chondrosarcoma cells. JJ012 
and SW1353 cells were treated with 5 μM PR-619 and DMSO (for the untreated control) for 48 h. A. Cell prolifera-
tion was analyzed using the BrdU assay. B. Flow cytometric analyses were used for cell cycle progression and quan-
titative data are presented as the means ± SD from at least three independent experiments; *P<0.05 was consid-
ered significant as compared with the control. C. JJ012 and SW1353 cells were treated with 2.5 and 5 μM PR-619, 
respectively, with DMSO for the nontreated control, for 48 h. Cell lysates were harvested for western blot analyses 
with specific antibodies for phospho-AKT, AKT, phospho-ERK, ERK, p21, phospho-histone H3, and PCNA; all results 
are representative of at least three independent experiments. Full-length blots are presented in Figure S3.

Figure 5. PR-619 suppressed tumor growth in an in vivo human chondrosarcoma xenograft. Nude mice inoculated 
with JJ012 and SW1353 xenografts were treated twice daily for 48 days with DMSO/saline (untreated control group, 
n=5) and PR-619 (10 mg/kg, i.p. n=5). A. Tumor images representing excised tumors from each group. B. Tumor 
volume for each group during three weeks of treatment; data are presented as means ± standard error of mean 
values; *P<0.05 was considered significant as compared with the control (normal saline group).

tion of IRE-1 and GRP78 and triggered ER 
stress-related downstream apoptotic effectors, 
such as caspase-4 and CHOP. The present 
study confirmed our assumption that DUBs 
were a promising therapeutic target for the 
treatment of chondrosarcoma.

The ERK-MAPK and the PI3K/AKT/mTOR path-
ways play essential roles in cell differentiation, 
proliferation, and cell cycle progression. ERK 
and AKT have been attributed to many malig-
nancies. Both ERK and AKT inhibitors are effec-
tive in the treatment of a variety of human can-
cers [6, 43, 44]. This study found that PR-619 
treatment resulted in decreased ERK and AKT 
phosphorylation. PR-619 also induced cell 
cycle arrest at the G0/G1 stage, thereby 
increasing p21 expression and decreasing the 
levels of phospho-histones H3 and PCNA. The 

results suggest that PR-619 significantly inhib-
its molecules that promote cell growth in the 
MAPK/ERK and AKT pathways. However, the 
precise roles of AKT and ERK in the anti-tumor 
effect of DUBs inhibitors are yet to be explored.

Conclusions

In conclusion, this study showed that PR-619 
induced cytotoxicity, cell cycle arrest, ER stress, 
and ER stress-related apoptosis in chondrosar-
coma cells both in vitro and in vivo. DUB inhibi-
tion is potentially a promising target for chon-
drosarcoma therapy. Further studies for pre- 
clinical or clinical trials of new DUB inhibitors 
with high specificity may confirm the clinical 
efficacy of DUB inhibitors on chondrosarcoma 
treatments. Our findings thus provide impor-
tant evidence for future clinical trials involving 
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DUB inhibitors for treating human chondro- 
sarcomas.
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Figure S1. Full-length gels and blots corresponding to Figure 1C. Molecular weight (kDa) has been shown in the 
right panel.

Figure S2. Full-length gels and blots corresponding to Figure 3A-C. Molecular weight (kDa) has been shown in the 
right panel.
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Figure S3. Full-length gels and blots corresponding to Figure 4C. Molecular weight (kDa) has been shown in the 
right panel.

Figure S4. A. To evaluate the toxicity of PR-619 in mice, the study involved regular body weight measurements 
every 8 days throughout the duration of PR-619 treatment. B and C. Following the completion of the experiment, 
blood samples were collected, and serum was separated from the blood in order to assess the levels of GOT and 
creatinine. 


