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A B S T R A C T   

Cathepsin K inhibitor (odanacatib; ODN) and cathepsin K knockdown (siRNA) enhance oxaliplatin-induced 
apoptosis through p53-dependent Bax upregulation. However, its underlying mechanisms remain unclear. In 
this study, we elucidated the mechanism behind enhancement of oxaliplatin-induced apoptosis by ODN. We also 
investigated the molecular mechanisms of ODN-induced Bax upregulation. Here, we demonstrated that ODN- 
induced Bax upregulation required p53, but it was independent of p53 transcriptional activity. Various mu
tants of the DNA-binding domain of p53 induced Bax upregulation in ODN-treated cells. p53 functional domain 
analysis showed that the C-terminal domain of p53 participates in the physical interaction and stabilization of 
Sp1, a major transcription factor of Bax. We screened a specific siRNA encoding 50 deubiquitinases and identified 
that BAP1 stabilizes Sp1. The knockdown or catalytic mutant form of BAP1 abolished the ODN-induced upre
gulation of Sp1 and Bax expression. Mechanistically, ODN induced BAP1 phosphorylation and enhanced Sp1- 
BAP1 interaction, resulting in Sp1 ubiquitination and degradation. Interestingly, ODN-induced BAP1 phos
phorylation and DNA damage were modulated by the production of mitochondrial reactive oxygen species 
(ROS). Mitochondrial ROS scavengers prevented DNA damage, BAP1-mediated Sp1 stabilization, and Bax 
upregulation by ODN. BAP1 downregulation by siRNA inhibited apoptosis induced by the combined treatment of 
ODN and oxaliplatin/etoposide. Therefore, Sp1 is a crucial transcription factor for ODN-induced Bax upregu
lation, and Sp1 stabilization is regulated by BAP1.   

1. Introduction 

Cathepsin K is a papain-like cysteine protease that has high matrix- 
degrading activity, which supports its role in cancer invasion and pro
gression [1–3]. It also plays a crucial role in bone resorption and has 
become an important target for osteoporosis treatment [4,5]. Odana
catib (ODN), a small molecule that selectively inhibits cathepsin K, has 
been widely investigated for osteoporosis treatment [6]. ODN exerts 
anti-metastatic activity by decreasing the expression of matrix 
metalloproteinase-9 (MMP-9) and upregulating TIMP-1 expression [7]. 
Cathepsin K expression and activity are associated with the mTOR 

signaling pathway. The pharmacologic inhibitor of mTORC1 inhibits 
osteoclast formation and suppresses the expression of osteoclast-specific 
genes, such as the gene encoding cathepsin K [8]. ODN significantly 
reduces mTOR phosphorylation at S2448 [9]. It also sensitizes apoptosis 
mediated by sublethal doses of anticancer drugs through the upregula
tion of USP27x-mediated Bim expression [9]. ODN and cathepsin K 
knockdown enhance oxaliplatin-induced apoptotic cell death through 
p53-dependent Bax upregulation [10]. ODN-induced p53 stabilization is 
attributed to casein kinase 2 (CK2)-mediated phosphorylation of OTUB1 
at Ser 16 [10]. 

Bax is a pro-apoptotic protein that triggers the apoptotic cascade. 
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The tumor suppressor protein p53 directly regulates the Bax promoter, 
which has a response element containing two consensus p53 half-sites 
[11,12]. Transcriptional regulation of Bax is modulated by several 
transcription factors, including p53, p73, and Sp1 [11–13]. Thornbor
row et al. reported that p53 requires the cooperation of Sp1 or a Sp1-like 
factor to activate the transcription of Bax [12]. 

In this study, we aimed to understand how ODN enhances 
oxaliplatin-induced apoptosis and elucidate the molecular mechanisms 
of ODN-induced Bax upregulation. Our results revealed no association 
between Bax upregulation and p53 transcriptional activity. The C-ter
minal domain of p53 induced Sp1 stability through the phosphorylation 
of BAP1 deubiquitinase (DUB) and thus played a critical role in ODN- 
induced Bax upregulation. 

2. Materials and methods 

2.1. Cell culture and materials 

All human cancer cells used in this study (Caki-1, ACHN, MDA- 
MB231, U251MG, and HCT116 p53 null) were obtained from the 
American Type Culture Collection (Manassas, VA). They were cultured 
in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine 
serum (Welgene, Gyeongsan, Korea), 1% penicillin–streptomycin, and 
100 μg/mL gentamycin (Thermo Fisher Scientific, Waltham, MA). De
tails of the reagents are provided in Supplementary Table 1. 

2.2. Transfection 

The cells were transiently transfected with siRNA or plasmids using 
Lipofectamine RNAiMAX (Thermo Fisher Scientific) or Lipofector p- 
MAX (AptaBio, Korea), respectively. Details of the siRNAs are provided 
in Supplementary Table 2. 

2.3. Quantitative polymerase chain reaction 

Total RNA was isolated using the TriZol (Life Technologies; Gai
thersburg, MD, USA) and cDNA was obtained using M-MLV reverse 
transcriptase (Gibco-BRL; Gaithersburg, MD, USA). For qPCR, SYBR Fast 
qPCR Mix (Takara Bio Inc., Shiga, Japan) was used, and reactions were 
performed on a Thermal Cycler Dice® Real Time System III (Takara Bio 
Inc). We calculated the threshold cycle number (Ct) of each gene using 
actin as the reference gene, and we reported the delta-delta Ct values of 
the genes. Sequences of the primers are detailed in Supplementary 
Table 2. 

2.4. Western blotting 

For protein isolation, the cells were lysed using RIPA buffer con
taining a protease inhibitor [14], and the cell lysate was centrifuged at 
13,000×g and 4 ◦C for 15 min. The isolated protein was separated using 
SDS-PAGE and transferred onto nitrocellulose membranes (GE Health
care Life Science, Pittsburgh, PA). Protein bands were detected using an 
enhanced chemiluminescence kit (EMD Millipore, Darmstadt, Ger
many). Details of the antibodies are provided in Supplementary Table 1. 

2.5. Measurement of promoter activity 

The cells (Caki-1 and HCT116 p53 null) were transfected with the 
pGL3-Bax-luciferase plasmid using Lipofector p-MAX (AptaBio, Korea). 
For protein isolation, the cells were lysed using lysis buffer (25 mM Tris- 
phosphate, pH 7.8, 2 mM EDTA, 1% Triton X-100, and 10% glycerol) 
containing 1 mM PMSF, and the cell lysate was centrifuged at 13,000×g 
and 4 ◦C for 15 min. The lysate (30 μg) was then incubated with the 
luciferase substrate luciferin and measured the luciferase activity ac
cording to the manufacturer’s instructions (Promega, Madison, WI, 
USA). 

2.6. Immunoprecipitation 

Immunoprecipitation was performed in accordance with a previ
ously described method to examine protein–protein interactions [15]. 
Briefly, the cells were lysed in CHAPS lysis buffer and incubated with a 
primary antibody overnight at 4 ◦C. Next, the lysate was incubated with 
protein G agarose beads at 4 ◦C for 2 h. After centrifugation at 13,000×g 
for 15 min, the supernatant was removed, mixed in 2X sample buffer, 
and then boiled. Protein interaction was detected by western blotting. 

2.7. Ubiquitination assay 

Ubiquitination assay was performed using a tagged-ubiquitin 
plasmid pretreated with proteasome inhibitor (MG132) [16]. Briefly, 
the cells were harvested, washed with phosphate-buffered saline (PBS) 
containing 10 mM N-ethylmaleimide (NEM; EMD Millipore, Darmstadt, 
Germany), resuspended in 90 μL PBS/NEM containing 1% SDS, and 
boiled at 95 ◦C for 10 min. The lysate was added to the lysis buffer 
containing 1 mM PMSF and 5 mM NEM, resuspended using l mL syringe 
three to four times, and centrifuged at 13,000×g and 4 ◦C for 10 min. 
The obtained supernatant was incubated with the primary antibody of 
the target protein overnight, then incubated with protein G agarose 
beads at 4 ◦C for 2 h. After centrifugation, the supernatant was removed, 
washed twice with lysis buffer containing 1 mM PMSF and 5 mM NEM, 
mixed in 2X sample buffer, and then boiled for 10 min. Ubiquitinated 
Sp1 was detected using HRP-conjugated anti-Ub. 

2.8. Immunofluorescence staining 

Cells were fixed by 4% paraformaldehyde at 4 ◦C for 25 min, and 
permeabilized by 0.1% Triton X-100 for 2 min. After blocking with 0.1% 
BSA in PBS for 1 h, cells were stained with corresponding primary an
tibodies at 4 ◦C for overnight. After removing the unattached antibodies, 
and incubated with secondary antibodies [Alexa Fluor (AF) 488 or 555] 
at the room temperature for 60 min. And then cells were mounted with 
ProLong™ Gold Antifade Mountant with DAPI (Thermo Fisher Scienti
fic). Fluorescence was captured by fluorescence microscope (Carl Zeiss, 
Oberkochen, Germany). Dilutions for primary antibodies were as fol
lows: phosphor-BAP1 (1:300) and Sp1 (1:300). 

2.9. In situ proximity ligation assay (PLA) 

For the in situ visualization of protein–protein interactions, we per
formed the Duolink PLA Fluorescence Protocol using the Duolink® In 
Situ Red Starter Kit Mouse/Rabbit (Sigma-Aldrich, St. Louis, MO, USA). 
Briefly, fixed cells were incubated with primary antibodies at 4 ◦C for 
overnight after blocking for 1 h at 37 ◦C. Following washing, cells were 
incubated with PLA probe for 1 h at 37 ◦C, the ligase for 1 h at 37 ◦C, and 
polymerase at 37 ◦C for overnight. Finally, cells were washed and 
mounted with ProLong™ Gold Antifade Mountant with DAPI. Fluores
cence images was analyzed by Confocal Laser Microscope (Carl Zeiss). 

2.10. Measurement of ROS production in zebrafish larvae 

From ~3 days post-fertilization (dpf), embryos (n = 25) were 
transferred to individual wells of a 24-well plate and maintained in 
embryo media containing sterile distilled water (control), 5 mM NAC or 
2 μM Mito-TEMPO for 1 h followed by the treatment with 2 μM ODN for 
up to 4 dpf. The generation of ROS in the zebrafish larvae was analyzed 
using fluorescent probe dyes, DCF-DA or MitoSOX. After 4 dpf, the 
larvae were transferred to 24-well plates and incubated with DCF-DA or 
MitoSOX dyes for 1 h in the dark at 28.5 ◦C, and then anaesthetized 
using 1-phenoxy-2-propanol (1:500 dilution, Acros Organics, Morris 
Plains, NJ, USA). The images of stained larvae were observed for the 
ROS generation under a fluorescence microscope, and the fluorescence 
intensity of individual larvae was quantified ImageJ software. 
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2.11. Comet assay 

The extent of DNA damage was analyzed using a comet assay as 
described [17]. In brief, the collected cells were washed with PBS, sus
pended in low melting agarose (LMA) at 37 ◦C and then spread on mi
croscope slides, which were precoated with normal melting agarose. 
After the agarose are solidified, the slides were covered with LMA and 
then submerged in lysis solution at 4 ◦C for 1 h, incubated in a gel 
electrophoresis device for 30 min, and electrophoresed for 20 min at 30 
V and 300 m Amp. And then the slides were washed with neutralizing 
buffer and stained with propidium iodide (PI) (20 μg/ml). The resulting 
nuclear images were visualized and captured using a fluorescence mi
croscope (Carl Zeiss, Oberkochen, Germany). 

2.12. Determination of 8-hydroxy-2′-deoxyguanosine (8-OHdG) 
concentration 

The quantity of 8-OHdG in the DNA was determined using an 8- 
OHdG-ELISA kit according to the kit instructions. The cells were 
extracted cellular DNA using the Genomic DNA purification kit and 
adjusted to the final concentration at 200 μg/ml in each sample. Then, 
DNA was digested by DNase I and alkaline phosphatase sequentially for 
1 h at 37 ◦C. For the determination of 8-OHdG in culture supernatants, 
the amount of 8-OHdG was quantified using an ELISA plate reader at 
450 nm based on the manufacturer’s instruction. 

2.13. Flow cytometry analysis 

The trypsinyzed cells were resuspended in 100 μL PBS and fixed 
using 200 μL of 95% ethanol at 4 ◦C. After 1 h, the cells were washed 
with PBS, resuspended in 1.12% sodium citrate buffer (pH 8.4) con
taining 12.5 μg of RNase, and incubated at 37 ◦C for 30 min. Then, 250 
μL of PI (50 μg/mL) was added to the cells, and the cells were incubated 
at 37 ◦C for 30 min. The number of apoptotic cells was measured using a 
BD Accuri™ C6 flow cytometer (BD Biosciences, San Jose, CA). 

2.14. Statistical analysis 

Statistical analyses were performed using Statistical Package for 
Social Science (SPSS, Version 26.0; IBM SPSS, Armonk, NY, USA). All 
experiments were repeated at least three times. Data are presented as 
mean ± SD, and was analyzed using one-way ANOVA and post hoc 
comparisons (Student–Newman–Keuls). 

3. Results 

3.1. Cathepsin K inhibitor induces Bax upregulation 

We previously reported that ODN induces p53-dependent Bax 
upregulation [10]. Interestingly, in the present study, ODN did not affect 
the protein and mRNA expression of p53 targets (p21, PUMA, and 
Noxa). However, etoposide, a DNA-damaging anticancer drug, induced 
the upregulation of all tested proteins (Bax, p21, PUMA, and Noxa; 
Fig. 1A). We focused on the functional role of p53 in ODN-induced Bax 
upregulation. We examined the effect of wild-type (WT) and mutant 
(R273H, it is located in DNA binding domain) p53 on ODN-induced Bax 
upregulation in p53-null HCT116 cells. ODN did not induce Bax 
expression in p53-null HCT116 cells. Interestingly, transfection with WT 
and mutant (R273H) p53 significantly increased the protein expression 
and promoter activity of Bax in ODN-treated cells compared to that in 
ODN-untreated cells (Fig. 1B). ODN also upregulated p53 and Bax 
expression in mutant p53 cancer cell lines [MDA-MB231 (R280K) and 
U251MG (R273H); Fig. 1C]. However, etoposide only increased Bax, 
p21, and p53 expression levels in WT p53 cancer cells (Caki-1) but not in 
mutant p53 cancer cells (Fig. 1D). The p53 inhibitors, Pifithrin-α and 
Pifithrin-μ, specifically block the transcriptional activity of the tumor 

suppressor p53 [18,19]. In our study, two p53 inhibitors significantly 
inhibited etoposide-induced Bax promoter activity relies on the p53 
binding domain, but did not exhibit any such effects in ODN-mediated 
Bax promoter activation (Fig. 1E). To prove the irrelevant of p53 tran
scriptional activity in Bax expression by ODN, we mutated p53-binding 
site of Bax promoter. ODN increased regardless of p53 binding site 
mutation, but etoposide only induced an increase in promoter activity in 
theBax WT promoter (Fig. 1F). We analyzed transcriptionally inactive 
forms of various mutants of p53 (R125H, R245H, R248H, R272H, and 
R273H) that induces Bax upregulation in ODN-treated p53-null 
HCT116 cells. Conversely, etoposide only upregulated Bax expression in 
WT p53-transfected cells (Fig. 1G). Therefore, ODN-induced Bax upre
gulation was essential for p53 but was independent of the p53 tran
scriptional activity. 

3.2. Sp1 is a key determinant of p53-mediated Bax upregulation 

Genome-wide shRNA screening revealed Sp1 as a crucial determi
nant of p53-mediated apoptosis [20]. The human Bax promoter re
sponds directly to Sp1 or cooperates with p53 and Sp1 [12,21]. We 
investigated the effects of Sp1 on ODN-induced Bax upregulation in this 
study. ODN markedly induced Sp1 expression in a time-dependent 
manner (Fig. 2A). The pharmacologic inhibition (mithramycin A) and 
siRNA-mediated knockdown of Sp1 markedly inhibited ODN-induced 
p53 and Bax expression in WT p53 Caki-1 and ACHN cells (Fig. 2B 
and C). Furthermore, transfection with the WT and mutant p53 (R273H) 
induced the upregulation of Bax and Sp1 in ODN-treated p53-null 
HCT116 cells. However, etoposide did not induce the upregulation of 
Sp1, Bax, and p53 in mutant p53 (R273H)-transfected cells (Fig. 2D). 
Therefore, Sp1 upregulation contributed to WT p53-and mutant 
p53-mediated Bax upregulation in ODN-treated cells. 

3.3. C-terminal domain of p53 exerts ODN-induced upregulation of Bax 
and Sp1 

Considering that the transfection of DNA-binding mutant (R273H) 
p53 upregulated Sp1 expression, we speculated that p53 regulates Sp1 
stability. To elucidate the underlying mechanism of p53 in modulating 
Sp1 stability, we analyzed the role of the functional domain of p53 in 
Sp1 regulation. We generated three p53 deletion constructs, namely, 
DNA-binding core domain (CD, residues 93–292), N-terminal domain 
(residues 1–292), and C-terminal domain (residues 293–393; Fig. 3A). 
Transfection with the WT and C-terminal domain of p53 induced 
upregulation of Bax and Sp1 in ODN-treated p53-null HCT116 cells 
(Fig. 3B). The promoter activities of basal Sp1 (Sp1 binding element 
reporter) and Bax were also increased by the transfection of WT and C- 
terminal domain of p53 (Fig. 3C). These results showed that the C-ter
minal domain of p53 contributes to ODN-mediated Sp1 upregulation. 

3.4. C-terminal domain of p53 interacts with and modulates Sp1 stability 

Considering that the C-terminal domain of p53 induced Sp1 
expression, we further characterized whether the C-terminal domain of 
p53 interacts with Sp1. We transfected each construct, performed Flag- 
antibody immunoprecipitation, and determined Sp1 level in p53-null 
HCT116 cells. The WT and C-terminal domain of p53 interacted with 
Sp1 (Fig. 4A). To investigate whether the C-terminal domain of p53 
modulates Sp1 stability in a time-dependent manner, we treated the 
p53-null HCT116 cells with cycloheximide (CHX). The overexpression 
of the C-terminal domain of p53 markedly enhanced the half-life of Sp1 
(Fig. 4B). Furthermore, the WT and C-terminal domain of p53 dramat
ically inhibited Sp1 ubiquitination, but the N-terminal domain mutant 
did not exhibit these effects (Fig. 4C). These data indicated that p53 
induces Sp1 stabilization via the C-terminal domain. 
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Fig. 1. Odanacatib (ODN) induces the transcriptional regulation of p53-independent Bax upregulation. (A) Caki-1 cells were treated with 2 μM ODN or 3 μg/mL etoposide for the indicated periods. (B) p53-null (− /− ) 
HCT116 cells were transiently co-transfected with a vector, wild-type (WT) p53, or mutant p53 (R273H) with Bax/-600 promoter and then treated with 2 μM ODN for 12 h. The cells were lysed, and promoter activity 
and protein levels were measured. (C, D) Cancer cell lines were treated with 0.5–2 μM ODN (C) or 3 μg/mL etoposide (D) for 24 h. (E) Caki-1 cells were transiently transfected with Bax/-600 promoter. After the cells 
were pretreated with 5 μM pifithrin-α or 5 μM pifithrin-μ for 30 min, they were treated with 2 μM ODN or 3 μg/mL etoposide for 12 h. The cells were lysed, and the promoter activity was measured. (F) Caki-1 cells were 
transfected with Bax/-600 WT and p53-binding site mutant (p53 Mut) promoter and treated with 2 μM ODN for 12 h. The cells were lysed, and the promoter activity was measured. (G) p53-null (− /− ) HCT116 cells 
were transiently transfected with WT and mutant p53 (R125H, R245H, R248H, R272H, and R273H) and then treated with 2 μM ODN or 3 μg/mL etoposide for 24 h. The protein and mRNA expression levels were 
determined using (A–D and F) western blotting and (A) qPCR, respectively. Values in the graphs (A, B, E, and F) represent the mean ± SD of three independent experiments. *p < 0.01 compared with the control. #p <
0.01 compared with the etoposide. 
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3.5. BAP1 is a C-terminal domain of p53-mediated Sp1 stabilizing 
deubiquitinating enzyme 

To identify specific deubiquitinases (DUBs) that can stabilize Sp1, we 
have co-transfected 50 different siRNAs to knockdown 50 respective 
DUBs and the C-terminal domain of p53 in p53-null HCT116 cells. To 
examine the effect of DUBs on Sp1, C-terminal domain of p53, and 

protein level of Bax, we performed western blotting. Knockdown of 
seven DUBs (USP13, USP37, USP41, DUB3, OTUB1, OTUD7A, and 
BAP1) inhibited Sp1 upregulation by the C-terminal domain of p53- 
transfected cells. OTUB1, OTUD7A, and BAP1 downregulated Sp1 and 
Bax expression (Fig. 5). Because p53 downregulation did not induce 
Sp1-mediated Bax upregulation, we excluded OTUB1 and OTUD7A, as 
they induce the degradation of the C-terminal domain of p53. After 

Fig. 2. Sp1 contributes to ODN-induced Bax upregulation in WT and mutant p53 cancer cells. (A) Caki-1 cells were treated with 2 μM ODN for the indicated periods. 
(B) Caki-1 and ACHN cells were transfected with control siRNA or Sp1 siRNA and treated with 2 μM ODN for 24 h. (C) Caki-1 cells were pretreated with 50–100 μM 
mithramycin A for 30 min and treated with 2 μM ODN for 24 h. (D) p53-null (− /− ) HCT116 cells were transiently transfected with WT p53 and mutant p53 (R273H) 
and treated with 2 μM ODN or 3 μg/mL etoposide for 24 h. (A–D) Protein expression level was determined using western blotting. 

Fig. 3. C-terminal domain of p53 is involved in the ODN-mediated upregulation of Sp1 and Bax expression. (A) Overview of the N-terminal domain (1–292), DNA- 
binding core domain (93–292), and C-terminal domain (293–393) of WT p53 and its deletion mutants. (B, C) p53-null (− /− ) HCT116 cells were transiently 
transfected with WT p53 and its deletion mutants and then treated with 2 μM ODN for 24 h. Protein expression level was determined using by western blotting (B). 
The promoter activities of Sp1 and Bax were determined (C). Values in the graphs (C) represent the mean ± SD of three independent experiments. *p < 0.01 
compared with the control. 
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verifying the interaction between DUBs and Sp1, we further confirmed 
whether BAP1 likely affects p53/Sp1 axis-mediated Bax upregulation in 
ODN-treated WT p53 Caki-1 cells. We also measured the alteration of 
ODN-induced p53, Sp1, and Bax upregulation after BAP1, OTUD7A, or 
OTUB1 siRNA treatment. Interestingly, the transfection of BAP1 siRNA, 
and not OTUD7A and OTUB1 siRNAs, still upregulated p53 expression in 
ODN-treated Caki-1 cells (Fig. 6A). To investigate the functional role of 
BAP1, we used an inactivating mutation (C91A) of BAP1. When the C- 
terminal domain of p53 was expressed in p53-null HCT116 cells, BAP1 
C91A failed to upregulate Sp1 and Bax expression, indicating that the 
enzymatic activity of BAP1 is critical for Sp1 stability in ODN-treated 
cells (Fig. 6B). We also found similar results in WT p53 Caki-1 cells 
(Fig. 6C). Furthermore, to investigate the effect of BAP1 on the ubiq
uitination level of endogenous Sp1, we transfected WT and C91A BAP1 
in Caki-1 cells. WT BAP1 reduced the ubiquitination levels of Sp1, 
whereas C91A BAP1 did not reduce ubiquitination levels (Fig. 6D). 
Therefore, these data suggested that ODN induces Sp1 stabilization, 
which is mediated by the C-terminal domain of p53 and is strongly 
linked to the BAP1. 

3.6. ODN induces BAP1 interaction with Sp1 

Next, we elucidated the molecular mechanisms underlying the BAP1- 
mediated stabilization of Sp1 during ODN treatment. We found that the 
protein levels of BAP1 were not altered by ODN treatment in Caki-1 cells 
(Fig. 6A). We postulated that ODN may influence the interaction be
tween BAP1 and Sp1. To address this hypothesis, we performed an 
immunoprecipitation assay. Interestingly, ODN and cathepsin K siRNA 
treatment markedly increased Sp1 and BAP1 interaction (Fig. 7A). To 
investigate the functional role of p53, we tested the interaction between 
Sp1 and BAP1 after p53 immunoprecipitation in ODN- and cathepsin K 
siRNA-treated cells and identified more p53, Sp1, and BAP1 protein 
complexes in the ODN- and cathepsin K siRNA-treated cells (Fig. 7B). We 
also detected three protein complexes in the cells transfected with the 
WT and C-terminal domain of p53 in p53-null HCT116 cells treated with 
ODN and cathepsin K siRNA, but we could not identify complexes in 
vector-transfected cells (Figs. 7C and D). These data demonstrated that 
the C-terminal domain of p53 can effectively enhance Sp1 stability by 
increasing the interaction with BAP1 and Sp1. 

Fig. 4. C-terminal domain of p53 stabilizes Sp1. (A) p53-null (− /− ) HCT116 cells were transfected with the vector, WT p53 or its deletion mutants. The interaction 
of WT p53 or its deletion mutants was demonstrated by immunoprecipitation (IP). (B) p53-null (− /− ) HCT116 cells were transfected with WT p53 or its deletion 
mutants and treated with 20 μg/mL cycloheximide (CHX) for the indicated periods. (C) p53-null (− /− ) HCT116 cells were co-transfected with the vector, WT p53, or 
its deletion mutants and HA-ubiquitin (HA-Ub) and then treated with 0.5 μM MG132 for 12 h to analyze Sp1 ubiquitination. IP was performed using an anti-Sp1 
antibody. (A–C) Protein expression level was determined using western blotting. 

Fig. 5. Deubiquitinases participate in Sp1-dependent Bax regulation. p53-null (− /− ) HCT116 cells were co-transfected with control siRNA or each DUB siRNA, 
together with C-terminal domain (293–393) of p53. Protein expression level was determined using western blotting. 
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3.7. ODN induces Bax upregulation via BAP1 phosphorylation 

We investigated whether ODN modulates BAP1 phosphorylation. 
After conducting immunoprecipitation with BAP1 antibody, we deter
mined the phosphorylation of Ser/Thr or Tyr residue using a specific 
phospho-antibody (Fig. 8A). ODN treatment induced the phosphoryla
tion of BAP1 at Ser 592 residue in a time-dependent manner (Fig. 8B). To 
investigate the functional role of Ser 592 phosphorylation in BAP1, we 
used the BAP1 mutant (S592A). S592A BAP1 failed to upregulate Sp1 
and Bax expression, indicating that the phosphorylation of BAP1 at Ser 
592 is crucial for Sp1 stability in ODN-treated cells (Fig. 8C). Further
more, ODN treatment increased protein interaction between phopho- 
BAP1 and Sp1 (Fig. 8D). By using immunofluorescence staining, we 
confirmed that phospho-BAP1 colocalized with Sp1 in the nucleus in 
ODN-treated Caki-1 cells (Fig. 8E). However, green fluorescence of 
phopho-BAP1did not detect in ODN-untreated cells. To verify the 
interaction with BAP1 and Sp1, we performed the proximity ligation 
assay. Sp1-BAP1 interaction was increased by ODN treatment (Fig. 8F). 
These findings indicated that cathepsin K inhibition increases Sp1 sta
bilization via BAP1 Ser 592 phosphorylation. 

3.8. Mitochondrial ROS production is critical for ODN-mediated DNA 
damage and BAP1 phosphorylation 

We previously reported that ODN and cathepsin K siRNA generate 
mitochondrial ROS through Raptor degradation [9,10]. To confirm the 

in vivo protective effects of mitochondrial ROS scavenger Mito-TEMPO 
against ODN-induced mitochondrial ROS generation, we performed 
DCF-DA or MitoSOX staining in a zebrafish model for visualization. ODN 
treatment markedly generated a fluorescence signal in zebrafish larvae 
(Fig. 9A), suggesting that mitochondrial ROS was generated in the 
presence of ODN. Pretreatment with Mito-TEMPO or NAC reduced the 
ODN-induced increase in mitochondrial ROS production (Fig. 9A). To 
examine whether Mito-TEMPO could prevent ODN-induced DNA dam
age, we performed the comet assay, a sensitive method to assess DNA 
strand breaks in cells. We did not detect a comet tail moment in vehicle-, 
NAC-, and Mito-TEMPO alone-treated cells, whereas ODN markedly 
enhanced DNA migration. Mito-TEMPO or NAC markedly decreased 
ODN-induced DNA migration (Fig. 9B). The DNA damage blocking effect 
of Mito-TEMPO was also confirmed by analyzing the phosphorylation 
status of γH2AX and 8-OHdG. Pretreatment with Mito-TEMPO or NAC 
could effectively prevent ODN-induced γH2AX phosphorylation and 
significantly suppressed 8-OHdG production (Fig. 9C). Next, we inves
tigated the role of mitochondrial ROS in ODN-mediated BAP1/Sp1/Bax 
axis. Interestingly, the Mito-TEMPO and NAC markedly inhibited ODN- 
and cathepsin K siRNA-induced BAP1 phosphorylation and Sp1 and Bax 
upregulation (Fig. 9D). Proteomic analysis has revealed that BAP1 is a 
substrate of DNA damage response kinases [22]. Consistently, our 
findings showed that an ATM inhibitor (KU-55933) and a DNA-PKcs 
inhibitor (NU7441) markedly inhibited ODN- and cathepsin K 
siRNA-induced BAP1 phosphorylation and Sp1 and Bax upregulation 
(Fig. 9E). These results suggested that BAP1 is phosphorylated after DNA 

Fig. 6. BAP1 decreases Sp1 ubiquitination by the C-terminal domain of p53. (A) Caki-1 cells were transfected with control siRNA or 3 DUB (BAP1, OTUD7A, and 
OTUB1) siRNAs and treated with 2 μM ODN for 24 h. (B) p53-null (− /− ) HCT116 cells were co-transfected with the vector or p53 deletion mutant (293–393), 
together with WT BAP or BAP mutant (C91A), and treated with 2 μM ODN for 24 h. (C) Caki-1 cells were transfected with the vector, WT BAP, or BAP mutant (C91A) 
and treated with 2 μM ODN for 24 h. (D) Caki-1 cells were co-transfected with the vector, WT BAP, or BAP mutant (C91A) and HA-ubiquitin (HA-Ub), and treated 
with 0.5 μM MG132 for 12 h to analyze Sp1 ubiquitination. Immunoprecipitation was performed using an anti-Sp1 antibody. (A–D) Protein expression level was 
determined using western blotting. 
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damage in a mitochondrial ROS-dependent manner. 

3.9. Knockdown of BAP1 inhibits ODN plus oxaliplatin-induced apoptosis 

We examined the effect of BAP1 on apoptosis induced by the com
bined treatment of ODN and oxaliplatin. The combined treatment 
markedly increased the sub-G1 population, promoted PARP cleavage, 
and upregulated Sp1 and Bax expression in WT p53 Caki-1 cells. How
ever, siRNA-knocked down BAP1 markedly inhibited the ODN and 
oxaliplatin-induced apoptosis and upregulation of Sp1 and Bax 
(Fig. 10A). Furthermore, we observed that the combined treatment of 
ODN plus oxaliplatin/etoposide induced low colony formation, cell 
death, and upregulation of Sp1 and Bax expression in the WT and C- 
terminal domain mutant of p53-transfected p53-null HCT116 cells; 
however, this was not observed in the vector-transfected p53-null 
HCT116 cells (Figs. 10B and C). To further confirm the effect of S592A 
BAP1 on the combined treatment-induced apoptosis, we transfected WT 
and S592A BAP1 in Caki-1 cells. The ectopic expression of S592A BAP1 
completely inhibited the combined treatment-induced apoptosis 
(Fig. 10D). Furthermore, pretreatment with PI3K/AKT inhibitors 
(wortmannin and LY294002), mitochondrial ROS scavenger (NAC and 
Mito-TEMPO), ATM inhibitor (KU-55933), and DNA-PKcs inhibitor 

(NU7441) significantly inhibited apoptosis induced by the combined 
treatment of ODN plus oxaliplatin (Fig. 10E). These results suggested 
that ODN plus oxaliplatin-induced apoptosis is caused by Bax upregu
lation, which is modulated by Sp1 stabilization via BAP1 activation that 
is dependent on the C-terminal domain of p53. 

4. Discussion 

In this study, we demonstrated that ODN upregulated Bax expression 
and enhanced oxaliplatin-induced apoptosis in cancer cells. ODN- 
induced Bax upregulation was regulated by Sp1 stabilization, which 
was modulated by BAP1-dependent deubiquitination mediated by the C- 
terminal domain of p53. ODN induced the phosphorylation of BAP1 at 
Ser 592 and enhanced the interaction of Sp1 and BAP1, resulting in Sp1 
deubiquitination and destabilization. Interestingly, ODN-mediated 
mitochondrial ROS production induced BAP1 phosphorylation, DNA 
damage, and Bax upregulation. Therefore, ODN enhanced oxaliplatin- 
induced apoptosis by interacting with BAP1 and Sp1 to induce Sp1 
stabilization-mediated Bax upregulation (Fig. 11). 

Most mutated sites of p53 are located in the DNA-binding domain of 
p53. Since mutant p53 have gain-of-function leading to the induction 
tumor growth, invasion, and resistance to diverse anticancer drugs. 

Fig. 7. ODN interacts with Sp1 and BAP1. (A, B) Caki-1 cells were treated with 2 μM ODN or Cat K siRNA for 24 h. Endogenous protein-protein interaction was 
demonstrated by IP using anti-Sp1 (A) or anti-p53 (B) antibodies, respectively. (C) p53-null (− /− ) HCT116 cells were transfected with the vector, WT p53, or p53 
deletion mutant (293–393) and treated with 2 μM ODN for 24 h. (D) p53-null (− /− ) HCT116 cells were co-transfected with the vector, WT p53, or p53 deletion 
mutant (293–393) and Cat K siRNA. (A–D) Protein expression level was determined using western blotting. 

S.U. Seo et al.                                                                                                                                                                                                                                   



Redox Biology 53 (2022) 102336

9

Especially R273H of mutant p53 activates transcription genes of DNA 
replication and cell cycle [23,24], and increases proliferation and 
metastasis of cancer cells [25]. Previously, cathepsin K deficiency in
duces p53-dependent Bax upregulation [10]. We found that the ectopic 
expression of the p53 mutant (R273H), i.e., the DNA-binding CD of p53, 
also induced Bax upregulation in ODN-treated p53-null HCT116 cells 
(Fig. 1F). The p53 mutant could have been formed due to ODN because 
several p53 mutant-reactivating compounds, such as alkylators, poten
tially bind to thiol groups in the p53 mutant and stimulate refolding of 
the mutant protein [26,27]. ODN cannot reactivate mutant p53. 
Therefore, among the expressed p53 target proteins, only Bax showed an 
increased expression after ODN treatment. In addition, ODN-induced 
Bax promoter activity was not inhibited by pifithrin-α and pifithrin-μ 
(Fig. 1E). p53 contains four different functional domains, namely 
N-terminal transactivation domain (residues 1–93), DNA-binding CD 
(residues 93–292), tetramerization domain (TET residues 325–355), and 
C-terminal negative regulatory domain (NRD residues 367–393) [28]. 
We generated a deletion mutant (residues 293–393) of p53 that con
tained the TET and C-terminal NRD (Fig. 3A). The S100 protein, a small 
EF-hand calcium-binding protein, interacts with C-terminal TET and 
NRD of p53 [29]. Interaction between S100 and C-terminal TET and 
NRD of p53 helps stimulate or inhibit p53 transcriptional activity [30, 

31]. The 14-3-3 family proteins also bind to C-terminal TET and NRD of 
p53 and affect p53 transcriptional activity [32]. The phosphorylation of 
p53 at Ser 392 enhances tetramer formation and stabilization [33]. TET 
mutation reduces p53 transcriptional activity [34]. Several proteins 
have been reported to modulate p53 oligomerization in vitro [35]. 
Protein–protein interactions are critical for the identification of novel 
p53 functions. Our results demonstrated that the C-terminal domain of 
p53 (residues 293–393) physically interacted with Sp1 and enhanced 
Sp1 stability (Fig. 4A and B). Therefore, the modulatory mechanism of 
the C-terminal domain of p53 (residues 293–393) in Sp1 stabilization 
should be further investigated in detail. 

p53 and Sp1 bind to similar consensus sequences at the GC boxes of 
the Bax promoter region, suggesting that both transcription factors may 
interplay in transcriptional regulation. Li et al. [20] performed 
genome-wide shRNA screening and ChIP-seq and demonstrated Sp1 as a 
central regulator of p53-mediated apoptosis. Sp1 depletion by shRNA 
and Sp1 ectopic expression mainly affect about half of the p53 target 
genes [20]. The knockdown of p15, a PCNA-associated factor, promotes 
the interaction between p53 and Sp1, thereby inhibiting cell prolifera
tion [36]. The functional activity of Sp1 is determined by expression 
levels, post-translational modification, and interactions with other 
proteins. Post-translational Sp1 modifications, such as glycosylation, 

Fig. 8. ODN phosphorylates BAP1 at Ser 592. (A) Caki-1 cells were treated with 2 μM ODN for 24 h. Endogenous protein-protein interaction was demonstrated by IP. 
(B) Caki-1 cells were treated with 2 μM ODN for the indicated periods. (C) Caki-1 cells were transfected with vector, WT BAP1, or mutant BAP1 (S592A) and treated 
with 2 μM ODN for 24 h. (D) Caki-1 cells were treated with 2 μM ODN for 24 h. Endogenous protein-protein interaction was demonstrated by IP. (E, F) Caki-1 cells 
were treated with 2 μM ODN for 24 h. After treatment, cells were fixed and subjected to immunocytochemistry for phospho-BAP1 (green), Sp1 (red), and DAPI (blue) 
(E). Proximity Ligation Assay (PLA) was performed for interaction between BAP1 and Sp1. PLA signal is red (F). (A–D) Protein expression level was determined using 
western blotting. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 9. ODN-induced mitochondrial ROS generation is involved in BAP1/Sp1/Bax activation. (A) Zebrafish larvae or (B, C) Caki-1 cells were pretreated with ROS scavengers (5 mM NAC and 2 μM Mito-TEMPO) for 1 h 
and then treated with 2 μM ODN for 24 h. ROS levels were observed under a fluorescence microscope after DCF-DA or MitoSOX staining (A). Representative images of the comet assay results were captured using a 
fluorescence microscope ( × 200) (B). p-γH2AX level was measured by western blotting, and the 8-OHdG level of the DNA samples of the cells was assessed (C). (D) Caki-1 cells were pretreated with ROS scavengers (5 
mM NAC and 2 μM Mito-TEMPO) and then treated with 2 μM ODN or Cat K siRNA for 24 h. (E) Caki-1 cells were pretreated with 10 μM KU-55933 or 2 μM NU7441 and then treated with 2 μM ODN or Cat K siRNA for 
24 h. (C–E) Protein expression level was determined using western blotting. Values in the graphs (A, C) represent the mean ± SD of three independent experiments. *p < 0.01 compared with control. #p < 0.01 
compared with ODN treatment. 
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Fig. 10. Effect of BAP1 on ODN plus oxaliplatin-induced cancer cell death. (A) Caki-1 cells were transfected with control siRNA or BAP1 siRNA and treated with a combination of 2 μM ODN and 25 μM oxaliplatin for 24 
h. (B, C) p53-null (− /− ) HCT116 cells were transfected with the vector, WT p53, or p53 deletion mutant (293–393) and treated with a combination of 2 μM ODN and 25 μM oxaliplatin/3 μg/mL etoposide for 24 h. 
Colony formation was measured using crystal violet staining. (D) Caki-1 cells were transfected with vector, WT BAP1, or BAP1 mutant (S592A) and treated with a combination of 2 μM ODN and 25 μM oxaliplatin for 24 
h. (E) Caki-1 cells were pretreated with various inhibitors (1 μM wortmarnin, 15 μM LY294002, 5 mM NAC, 2 μM Mito-TEMPO, 10 μM KU-55933, or 2 μM NU7441) and treated with a combination of 2 μM ODN and 25 
μM oxaliplatin for 24 h. Apoptosis and protein expression levels were measured using flow cytometry (A, C–D) and western blotting (A, C–E). Values in the graphs (A, C–E) represent the mean ± SD of three independent 
experiments. *p < 0.01 compared with ODN plus oxaliplatin in the vector. **p < 0.01 compared with ODN plus etoposide in the vector. #p < 0.01 compared with ODN plus oxaliplatin in WT BAP1-transfected cells. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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phosphorylation, acetylation, sumoylation, and ubiquitination, regulate 
transcriptional activity and modulate target gene expression [37]. 
USP33 directly deubiquitinates Sp1, stabilizing Sp1 expression and 
contributing to invasion and metastasis through c-Met upregulation in 
hepatocellular carcinoma [38]. Unfortunately, we did not detect a 
decrease in Sp1 expression in the USP33 siRNA experiment (Fig. 5), 
which could be because of difference in cell line and p53 C-terminal 
domain expression conditions. 

BAP1 belongs to the DUB superfamily of enzymes that contain the 
ubiquitin C-terminal hydrolase (UCH) domain. BAP1 exhibits multiple 
functions, including transcription regulation, DNA repair, and replica
tion, through the coordination of chromatin structures and functions 
[39]. Previous studies showed that BAP1 plays a role in cell death [39, 
40]. BAP1 induces apoptosis by releasing Bax through 14-3-3 protein 
interaction regardless of DUB activity [41]. BAP1 stabilizes type 3 
inositol-1,4,5-triphosphate receptor, promoting Ca2+ release from the 
endoplasmic reticulum (ER) [42]. Excessive Ca2+ release from the ER is 

absorbed by the mitochondria, which induces cytochrome c release and 
cell death [43]. In this study, we found that BAP1 could stabilize Sp1, 
which led to the transcriptional activation of Bax in ODN-treated cells. 
In addition, the ectopic expression of BAP1 greatly decreased the 
ubiquitination level of Sp1 and the upregulation of Sp1 and Bax, 
whereas the catalytic mutant of BAP1 showed no apparent effect 
(Fig. 6B–D). In the presence of DNA damage, PI3K-related kinases (ATM, 
ATR, and DNA-PKcs) phosphorylate BAP1 at Ser 592 to increase its 
recruitment on the site of DNA damage and facilitate proper DNA repair 
[44,45]. Interestingly, the protein expression of BAP1 did not change, 
but Ser 592 phosphorylation increased with ODN treatment in a 
time-dependent manner (Fig. 8B). ODN caused mitochondrial ROS 
generation and DNA damage, which was inhibited by mitochondrial 
ROS scavenger pretreatment (Fig. 9A–C). Mito-TEMPO pretreatment 
inhibited ODN-induced BAP1 phosphorylation, increased Bax expres
sion, and promoted apoptosis induced by the combined treatment of 
ODN and oxaliplatin (Figs. 9D and 10E). 

Fig. 11. Scheme of the mechanism of ODN-mediated Sp1 stabilization through mitochondrial ROS-dependent BAP1 activation.  
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5. Conclusion 

Our findings suggested that ODN enhanced oxaliplatin-induced 
apoptosis by upregulating Bax. The ODN-induced upregulation of Bax 
expression was independent of p53 transcriptional activity. The C-ter
minal domain of p53 (residues 293–393) induced Sp1 stabilization 
strongly linked to BAP1 Ser 592 phosphorylation. Moreover, ODN- 
induced mitochondrial ROS generation was involved in DNA damage, 
BAP1 phosphorylation, upregulation of Sp1 and Bax, sensitization of 
anti-cancer drug-mediated apoptosis. Therefore, BAP1 was involved in 
ODN-mediated Sp1 stabilization and might be a potential target for 
cancer therapy in drug development. 
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