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1  | INTRODUC TION

Osteosarcoma (OS) is the most common primary malignant bone tumor 
that is mainly developing during childhood and adolescence.1 Although 
the 5- year survival rate of patients with OS without distant metastasis is 
76%,1 those of patients with metastases at initial diagnosis and relapsed 

or refractory disease remain poor— 45%1 and 13% to 40%,2 respectively. 
The combination of surgical wide resection and adjuvant chemotherapy 
using multiple agents, such as doxorubicin, cisplatin, high- dose metho-
trexate, and ifosfamide, is the standard first- line treatment approach for 
high- grade OS either with or without metastases.3 For relapsed or refrac-
tory disease, although several agents and regimens, including molecular 
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Abstract
Previous studies reported the critical role of the brefeldin A– inhibited guanine nucle-
otide exchange protein 3– prohibitin 2 (BIG3- PHB2) complex in modulating estrogen 
signaling activation in breast cancer cells, yet its pathophysiological roles in osteosar-
coma (OS) cells remain elusive. Here, we report a novel function of BIG3- PHB2 in OS 
malignancy. BIG3- PHB2 complexes were localized mainly in mitochondria in OS cells, 
unlike in estrogen- dependent breast cancer cells. Depletion of endogenous BIG3 ex-
pression by small interfering RNA (siRNA) treatment led to significant inhibition of 
OS cell growth. Disruption of BIG3- PHB2 complex formation by treatment with spe-
cific peptide inhibitor also resulted in significant dose- dependent suppression of OS 
cell growth, migration, and invasion resulting from G2/M- phase arrest and in PARP 
cleavage, ultimately leading to PARP- 1/apoptosis- inducing factor (AIF) pathway 
activation– dependent apoptosis in OS cells. Subsequent proteomic and bioinformatic 
pathway analyses revealed that disruption of the BIG3- PHB2 complex might lead to 
downregulation of inner mitochondrial membrane protein complex activity. Our find-
ings indicate that the mitochondrial BIG3- PHB2 complex might regulate PARP- 1/AIF 
pathway– dependent apoptosis during OS cell proliferation and progression and that 
disruption of this complex may be a promising therapeutic strategy for OS.
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targeted therapies and immunotherapy, have been studied, an effective 
systematic therapy has not yet been established for OS in the last three 
decades.4 The most urgent issue is to develop novel therapeutic agents 
for patients with either advanced or relapsed OS.

Recent genome- wide next- generation sequencing studies have 
identified several frequently mutated genes and tumor- specific 
genome alterations mediating OS tumorigenesis5 that differ from 
those of other sarcomas, which are categorized by specific chro-
mosomal translocations. These studies have shown important 
genomic alteration events in OS, including TP53 and RB1 gene 
mutation; MYC, CCNE1, and CDK4 gene amplification; and BRCA1, 
BRCA2, and PTEN gene deletion.5 However, the identification of 
these potential driver genes involved in OS tumorigenesis and pro-
gression have failed to provide important insight that can help to 
improve OS treatment.

We demonstrated that brefeldin A– inhibited guanine nucleotide 
exchange protein 3 (BIG3) is frequently upregulated in the vast major-
ity of estrogen receptor alpha (ERα)- positive breast cancer specimens 
and that high BIG3 expression levels are strongly associated with poor 
prognosis in patients with ERα- positive breast cancers.6,7 Moreover, 
BIG3 acts as a critical modulator of estrogen signaling in breast can-
cer cells by inhibiting the tumor- suppressive activity of prohibitin 2 
(PHB2).6 An antitumor agent constituted by a specific peptide inhibitor 
targeting the BIG3- PHB2 interaction, ie, stapled ERα activity regulator 
synthetic peptide (stERAP), that exploits the tumor- suppressive activ-
ity of PHB2 has been developed.7- 11 By contrast, analysis of RNA- seq 
data in public databases revealed high expression of the BIG3 (gene 
name: ARFGEF3) in various cancers, including OS, but did not elucidate 
the functional roles of BIG3 in other cancers, especially OS.

In this study, we focused on understanding the pathophysiological 
role of the BIG3- PHB2 complex in OS tumorigenesis and progression. 
Moreover, unexpectedly, we provided the first demonstration that the 
BIG3- PHB2 complex is localized in mitochondria in OS cells and that 
stERAP has potential as a therapeutic drug targeting OS cells.

2  | MATERIAL S AND METHODS

2.1 | Cell lines

The human OS cell lines MG- 63 and HOS were obtained from the 
Japanese Collection of Research Bioresources Cell Bank (JCRB). 
Saos- 2 and U- 2OS cells were obtained from Riken BRC and The 
European Collection of Authenticated Cell Cultures (ECACC), re-
spectively. The human osteoblast cell line HOB was purchased from 
Takara Bio, Inc. All cell lines were cultured under the correspond-
ing depositor's recommendations. The cell line stocks used in this 
study had been properly stored in liquid nitrogen. The morphologies 
of these cells were monitored by microscopy, and maintenance of 
their morphology was confirmed by comparison of images with the 
original morphological images. No Mycoplasma contamination was 

detected in any of the cultures using a MycoAlertTM Mycoplasma 
Detection kit (Lonza).

2.2 | stERAP

stERAP, which was designed to specifically inhibit the BIG3- PHB2 
interaction, was synthesized by Polypeptide Laboratories (San 
Diego, USA) in accordance with a previous report.11

2.3 | Quantitative reverse- transcription PCR 
(qRT- PCR)

Total RNA extraction and subsequent complementary DNA syn-
thesis were performed as described previously.7 Then, expression 
of the PARP1 and ACTB genes was evaluated by qRT- PCR using a 
7500 Real Time PCR System (Applied Biosystems) and Power SYBR 
Green PCR Master Mix (Applied Biosystems) as described previ-
ously.7 The mRNA content of the PARP1 gene was normalized to the 
ACTB mRNA content. The data are presented as the mean ± stand-
ard deviation (SD) of three or six independent experiments. The 
primers used were as follows: 5’- ACTGAGAAATCACGCACTGT- 3’; 
PARP1, 5’- CCCAGGGTCTTCGGATAG- 3’ and 5’- AGCGTGCTTCAGT  
TCATACA- 3’; and ACTB, 5’- ATTGCCGACAGGATGCAG- 3’ and 5’- CT  
CAGGAGGAGCAATGATCTT- 3’.

2.4 | Antibodies and immunoblot analysis

Cell lysis, SDS- PAGE and immunoblot analysis were performed as de-
scribed previously.8 Membranes were incubated with antibodies against 
the following proteins: BIG3 (diluted 1:250),6 PHB2 (Abcam #ab71970, 
diluted 1:1000), β- actin (clone AC- 15, Sigma- Aldrich #A1978, diluted 
1:5000), PARP (CST #9542, diluted 1:500), and apoptosis- inducing fac-
tor (AIF) (clone E- 1, Santa Cruz Biotechnology #sc- 13116, diluted 1:200). 
After incubation with HRP- conjugated secondary antibodies (anti- mouse 
IgG- HRP, diluted 1:5000; anti- rat IgG- HRP, diluted 1:5000; anti- rabbit 
IgG- HRP, diluted 1:1000 [Santa Cruz Biotechnology]) for 1 hour, the 
blots were developed with an enhanced chemiluminescence system (GE 
Healthcare) and scanned using an Image Reader LAS- 3000 Mini (Fujifilm).

2.5 | Analysis of public database of RNA 
expression and prognosis in OS patients

Gene expression data from 39 patients with OS without metastases 
at diagnosis from the GSE21257 dataset were used for this analysis. 
The mRNA expression data were calculated using GEO2R of NCBI, 
and patient clinical data, including overall survival and metastasis at 
diagnosis, were also referred to a previously report.12

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE21257
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2.6 | Gene silencing by small interfering RNAs 
(siRNAs)

The sequences targeting BIG3 (siBIG3) and enhanced green fluo-
rescent protein (EGFP) (siEGFP) were as follows: siBIG3, 5’- GAUG  
CGUUCUCUGCCACACTT- 3’; siEGFP, 5’- GCAGCACGACUUCUUCA  
AG- 3’. Human OS MG- 63 cells (1.0 × 104) were transfected with 
10 nM of each siRNA using Lipofectamine RNAiMAX (Invitrogen) in 
OptiMEM (Invitrogen) as described previously.8 The first transfec-
tion was performed immediately after cell seeding, and the second 
transfection was performed 4 days later. Time course analysis of 
both siRNA- transfected cell lines was carried out for 7 days.

2.7 | Immunocytochemistry

MG- 63 cells (2.0 × 103) were seeded in eight- well chambers (Nunc 
Lab- Tek II Chamber Slide System, Thermo Fisher Scientific) and 
incubated at 37 ℃. Cells were then treated with stERAP for 24 or 
48 hours. Staining was conducted with previously described pro-
cedures,8 using antibodies against BIG3 (diluted 1:500),11 PHB2 
(clone 7F8E3, MABC953, diluted 1:500), and PARP (clone 46D11, 
CST #9532, diluted 1:500), and with 500 nM MitoTracker (MT) Red 
CMXRos (Invitrogen) incubation for 30 minutes at 37 ℃ before fixa-
tion. Nuclei were counterstained with 4', 6'- diamidine- 2'- phenylindole 
dihydrochloride (DAPI). Fluorescent images were obtained under 
FV3000 confocal microscopy (Olympus).

2.8 | Phalloidin staining

MG- 63, HOS, and Saos- 2 cells (1.0 × 104 /well) were treated with 
1µM stERAP under the appropriate media in a slide chamber. 
Subsequently, cells were fixed and stained with an Alexa Fluor™ 
488 Phalloidin (ThermoFisher), and following procedures were per-
formed as described previously.7,8

2.9 | Cell proliferation assay

Proliferation assays of MG- 63, Saos- 2, U- 2 OS, and HOS were per-
formed using a hemocytometer and Cell Counting Kit- 8 (CCK- 8) 
(Dojindo) as described previously.8 The data are presented as the 
mean ± standard error (SE) of three or more independent experi-
ments. The half- maximal inhibitory concentration (IC50) values of 
stERAP in each cell line were obtained from the sigmoidal inhibition 
curves fitted by regression analysis.11

2.10 | Immunoprecipitation

Immunoprecipitation analyses were performed as described pre-
viously.8 Cells were lysed with lysis buffers including a protease 

inhibitor cocktail (Complete, Roche) for analysis of BIG3 and 
PHB2 (50 mM Tris- HCl [pH 8.0], 150 mM NaCl, 0.1% NP- 40, 
and 0.5% CHAPS) or for analysis of BIG3 and PARP (50 mM 
Tris- HCl [pH 7.5], 137 mM NaCl, 10% glycerol, 1 mM EDTA, 
1 mM Na3VO4, 20 mM β- glycerophosphate, 1 mM sodium py-
rophosphate, 20 mM NaF, 0.5% dodecyl maltoside). The lysates 
were incubated with 5 μg of antibodies against BIG3 at 4 ℃ 
for 12 hours, and following procedures were performed as de-
scribed previously.7,8

2.11 | Cell migration and invasion assays

Wound healing assays with (for the invasion assay) or without (for 
the migration assay) Matrigel (BD) precoating were carried out to 
investigate the migration and invasion abilities of OS cells. Saos- 2 
cells (5.0 × 104) were seeded into 96- well plates and incubated 
at 37 ℃ for 24 hours. After microscopic confirmation of contact 
with the surface and an appropriate cell density, wounds were cre-
ated on the assay plates by scratching with a specific instrument 
(WoundMaker, Essen Bioscience). For real- time quantitative live- 
cell imaging and analysis, cells were incubated in an IncuCyte® 
ZOOM System (Essen Bioscience) at 37 ℃, and scanning was run 
for 96 hours.

2.12 | In vivo tumor growth inhibition by stERAP

HOS cell line was used for in vivo tumor growth inhibition assay 
because this cell line expresses BIG3 and PHB2 proteins and forms 
tumors easily in nude mouse.13 Each suspension (3 × 106 cells per 
mouse) of HOS cells was mixed with an equal volume of Matrigel 
(BD) and injected (200 μL total) into 6- week- old female BALB/c 
nude mice (Charles River Laboratories). The mice were housed in 
a pathogen- free isolation facility on a 12- hour light/dark cycle and 
were fed rodent chow and water ad libitum. The tumors developed 
over 6 days to a volume of ~100 mm3 (calculated as 1/2 × [width × 
length2]). Subsequently, the mice were randomized into two groups 
(five mice per group). Mice in one group received a weekly intrave-
nous injection of 1 mg/kg stERAP, and mice in the other group re-
ceived PBS as a control. Tumor volume was measured with calipers 
for 4 weeks; the animals were then sacrificed, and the tumors were 
excised. A portion of each tissue was fixed with 4% paraformalde-
hyde for histological examination, while the remaining tissue sam-
ple was frozen and stored at −80 ℃ for subsequent experiments. 
All animal experiments were performed in accordance with the 
guidelines of the animal facility at Tokushima University and ap-
proved by the institutional review board (T2019- 113). For M30 cy-
todeath analysis, we stained 5- µm sections of paraffin- embedded 
tumors with an M30 monoclonal antibody (Peviva) to examine the 
M30 cytodeath protein expression in HOS xenograft tumors as de-
scribed previously.14 The data represent the mean ±SD of 10 dif-
ferent points.
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2.13 | Mitochondrial isolation

Mitochondria were isolated from MG- 63 cells using a human mito-
chondria isolation kit (Miltenyi Biotec, 130- 094- 532) according to 
the manufacturer's instructions.

2.14 | Statistical analyses

Unless mentioned otherwise, data are presented as the mean ± SD 
of three or more samples, and two- tailed Welch's t- tests were run to 
compare means among samples using the SPSS software program 
(version 20; SPSS Statistics). Differences with P <.05 were consid-
ered statistically significant.

3  | RESULTS

3.1 | The OS cell growth is dependent on the 
mitochondrial BIG3 and PHB2 complex

Analysis of RNA- seq data for 934 human cancer cell lines from the 
Broad Institute Cancer Cell Line Encyclopedia (CCLE) in public databases 
showed that the expression of BIG3 in several OS cell lines was higher 
than that in other subtypes of malignant and intermediate mesenchymal 
bone tumors, including chondrosarcoma, Ewing sarcoma, and giant cell 
tumor of bone (Figure S1A). Notably, the expression of BIG3 in tumors 
was upregulated compared with that in the corresponding adjacent nor-
mal tissues, as determined using total RNA in paired clinical samples in 
GEO (GSE12 6209) (Figure S1B).15 We verified that the expression of 
BIG3 and PHB2 was higher in all tested OS cell lines than in normal os-
teoblasts (ie, HOB cells) at the protein level (Figure 1A). Gene expression 
analysis based on public database shows that high expression of BIG3 
correlates with poor prognosis in patients with OS without metastases 
at diagnosis (GSE21257)12 (Figure 1B). Subsequently, we investigated 
the subcellular localization of BIG3 and PHB2 in OS cells by immunocy-
tochemical staining and unexpectedly found that endogenous BIG3 and 
PHB2 were colocalized with MT in MG- 63 cells (Figure 1C), unlike the 
findings in ER- positive breast cancer cells reported previously.6 To con-
firm a potential role of BIG3 in OS cell proliferation, we knocked down 
endogenous expression of BIG3 by siRNA in MG- 63 cells. Depletion of 
BIG3 significantly suppressed the proliferation of MG- 63 cells compared 
with siEGFP- transfected cells as the control (Figure 1D). Collectively, 
these findings suggest that BIG3 and PHB2 play an important role in 
mitochondria to support the growth of OS cells.

3.2 | Inhibition of mitochondrial BIG3- PHB2 
complex formation suppresses the proliferation, 
migration, and invasion of OS cells

First, we confirmed by immunoprecipitation- immunoblot analyses 
that treatment with stERAP, a stapled ERAP inhibitor targeting the 

BIG3- PHB2 interaction, inhibited the formation of the BIG3- PHB2 
complex in the OS cell lines MG- 63, Saos- 2, and HOS (Figure 2A). 
Importantly, stERAP treatment resulted in significant suppression 
of cell proliferation in a dose- dependent manner (mean IC50 values: 
241 nM in MG- 63 cells, 99 nM in Saos- 2 cells, 754 nM in U- 2 OS cells, 
and 131 nM in HOS cells). However, stERAP treatment did not sup-
press cell proliferation of HOB cells (Figure S2) compared with OS cell 
lines (Figure 2B). In addition, we demonstrated that stERAP has no 
inhibitory effect on the proliferation of normal epithelial mammary 
gland cell line MCF- 10A cells, which has no expression of BIG3.11 
Collectively, our findings suggest that the survival and proliferation 
of OS cells which have BIG3 and PHB2 expression are dependent on 
the mitochondrial BIG3- PHB2 complex. Moreover, real- time quan-
titative live- cell imaging analysis showed that stERAP suppressed 
the migration and invasion of Saos- 2 cells in a dose- dependent man-
ner (Figure 2C). Subsequently, we performed immunocytochemical 
staining to investigate the impact of stERAP treatment on the mi-
tochondrial localization of the BIG3- PHB2 complex in OS cells by 
analyzing colocalization using the Pearson correlation coefficient. 
Interestingly, both BIG3 and PHB2 were still colocalized with MT in 
stERAP- treated cells (Pearson correlation coefficients: MT vs. BIG3, 
R = 0.957 in nontreated cells and R = 0.961 in stERAP- treated cells; 
MT vs. PHB2, R = 0.663 in nontreated cells and R = 0.762 in stERAP- 
treated cells) (Figure 2D and Figure S3). However, colocalization of 
BIG3 and PHB2 was reduced in stERAP- treated cells compared with 
nontreated cells (Pearson correlation coefficients: BIG3 vs. PHB2, 
R = 0.875 in nontreated cells and 0.652 in stERAP- treated cells) 
(Figure 2D and Figure S3). Collectively, these findings indicated that 
the BIG3- PHB2 complex remained localized in mitochondria in OS 
cells even though it was disrupted by stERAP treatment. These re-
sults suggest that formation of the mitochondrial BIG3- PHB2 com-
plex plays a critical role in the proliferation and progression of OS 
cells.

3.3 | stERAP treatment leads to OS cell death

We noted that almost all MG- 63 cells exhibited dose- dependent 
plasma membrane blebbing and apoptotic body formation, signs 
of apoptotic cell death, at 72 hours after treatment with stERAP 
(Figure S4A). To visualize such signs of apoptotic cell death, we at-
tempted to do phalloidin staining to observe the actin cytoskeleton 
of MG- 63, HOS, and Saos- 2 cells as described previously.16 The re-
sult showed that almost all OS cells exhibited the time- dependent 
membrane blebbing and the formation of some apoptotic body– like 
small vesicles, signs of apoptotic cell death, at 24 hours after treat-
ment with stERAP (Figure 3A and Figure S5A and S6A). We next as-
sessed apoptosis by FITC- Annexin V staining. Figure 3B shows that 
after stERAP treatment, the percentage of late apoptotic cells was 
remarkably increased after 72 hours (no treatment, 24, 48, 72, and 
96 hours: 1.9, 0.9, 6.2, 24.8, and 27.3%, respectively). In addition, 
we observed the same results in HOS and Saos- 2 cells (Figure S5 
and S6), suggesting that stERAP treatment can potentially induce 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE126209
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE21257
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apoptosis in OS cells. We next investigated the effect of stERAP 
on cell cycle arrest in OS cells by FACS analysis. The results show 
that the percentage of G2/M phase in MG- 63 cells drastically in-
creased 72 hours after stERAP treatment (Figure 3C). Similarly, 
the percentage of G2/M phase in HOS and Saos- 2 cells drasti-
cally increased 48 hours after stERAP treatment (Figure S5B and 
S6B). Moreover, the percentages of cells in the sub- G1 phase in 
OS cells were gradually increased 72 hours after treatment with 
stERAP (MG- 63; no treatment, 24, 48, 72, and 96 hours: 1.2, 3.2, 
4.3, 11.0, and 19.5%, respectively). (Figure 3C; Figure S5C and 
S6C). Additionally, partial cleavage of the PARP protein was ob-
served from approximately 72 to 96 hours after stERAP treatment 
in MG- 63 cells (Figure 3D). Taken together, these results indicate 
that stERAP treatment causes G2/M- phase arrest, thereby finally 
inducing apoptosis in OS cells.

3.4 | In vivo antitumor efficacy of stERAP in OS 
xenograft mice

We next investigated the in vivo antitumor effect of stERAP in nude 
mice bearing ectopic HOS cell OS xenografts. Because HOS cell line 
is available for in vivo xenograft mouse experiments, but MG- 63 
and Saos- 2 cell lines are not due to their low xenotransplantability 
into nude mice as reported previously,13 we used only HOS cells 
for in vivo experiments. When the tumors reached approximately 
100 mm3 after injection of HOS cells into the dorsal region, 1 mg/
kg stERAP or vehicle (PBS) was intravenously administered weekly 
for 4 weeks. Treatment with stERAP caused significant inhibition of 
tumor growth without body weight loss (Figure 4A,B), as reported 
previously.11 Notably, tumors were completely ablated in two of 
the five mice treated with stERAP by 21 days after treatment. To 

F I G U R E  1   Upregulation of 
mitochondrial brefeldin A– inhibited 
guanine nucleotide exchange protein 3 
(BIG3) is responsible for osteosarcoma 
(OS) cell growth. A, Expression of BIG3 
and prohibitin 2 (PHB2) in the OS cell 
lines Saos- 2, U- 2 OS, MG- 63, HOS, and 
the normal osteoblast line HOB at the 
protein level. B, Prognostic analysis 
(overall survival) of BIG3 expression 
in 39 OS patients without metastasis 
at diagnosis. Patients were grouped 
using median expression. The P- value 
was calculated by the log- rank test. C, 
Representative fluorescence confocal 
micrographs showing the mitochondrial 
localization of endogenous BIG3 and 
PHB2 in MG- 63 cells. Nuclei were stained 
with DAPI (light blue) and mitochondria 
with MitoTracker (MT) Red CMXRos (red), 
BIG3 (green), and PHB2 (blue). Scale bar, 
10 μm. Two independent experiments 
were performed. D, (left) Knockdown of 
BIG3 expression by siRNA attenuated 
MG- 63 cell proliferation. *P <.05; (right) 
The expression of BIG3 knocked down by 
siRNA was validated by Western blotting. 
siEGFP was used as the negative control. 
β- actin was used as the quantitative 
control. Two independent experiments 
were performed.
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clarify the mechanisms underlying the in vivo antitumor effect of 
stERAP, we examined the effect of stERAP on BIG3- PHB2 com-
plex formation in tumors resected 35 days after cell transplanta-
tion. Coimmunoprecipitation experiments with these tumor tissues 
indicated that stERAP treatment effectively inhibited the endog-
enous BIG3- PHB2 interaction (Figure 4C). In addition, treatment 
of tumors with stERAP led to markedly elevated levels of cleaved 
PARP (Figure 4D), recapitulating the apoptosis induction as well as 
PARP cleavage observed in vitro (Figure 3D). Moreover, we next 
conducted an M30 cytodeath staining experiment,14 which detects 
early apoptotic events, in stERAP- treated tumor tissues from mice 
xenograft. The results show that the expression frequency of M30 
was significantly higher in the stERAP- treated mice than that in the 
no- treatment group (Figure 4E). Taken together, these findings sug-
gested that stERAP treatment resulted in sustained inhibition of 
BIG3- PHB2 complex formation in tumors, thereby inducing PARP 
cleavage and apoptosis and allowing suppression of OS growth in 
vivo.

3.5 | Impacts of BIG3- PHB2 complex disruption on 
mitochondrial functions in cancer cells

To clarify the biological functions of the mitochondrial BIG3- PHB2 
complex, we conducted 2DICAL and functional annotation analy-
sis using the Database for Annotation, Visualization and Integrated 
Discovery (DAVID) to identify the differential expression of proteins 
and pathways in MG- 63 cells treated with stERAP. These analy-
ses identified several mitochondrial gene ontology (GO) terms and 
clusters, including respiratory electron transport chain/mitochon-
drion, oxidative phosphorylation/mitochondrial protein complex, 
mitochondrion, peptide metabolic process/(mitochondrial) transla-
tion, and oxidation- reduction process/mitochondrial protein com-
plex, that were significantly changed at either 24 or 48 hours after 
stERAP treatment compared with control treatment (Figure S7A; 
Table S1 and S2). Furthermore, to identify the mitochondrial charac-
teristics of stERAP- treated OS cells, Gene Set Enrichment Analysis 

was performed based on the C5.CC (GO, cellular component) and 
C5.BP (GO, biological processes) curated gene sets as described in 
the “Methods” section. Notably, genes related to the terms inner mi-
tochondrial membrane organization (normalized enrichment score 
[NES] = −1.44, P = .000) and mitochondrial membrane part (NES 
= −1.43, P = .000) were significantly downregulated at 24 hours 
after stERAP treatment, and genes related to the term regula-
tion of mitochondrial membrane potential (NES = −1.51, P = .000) 
were significantly downregulated at 48 hours after stERAP treat-
ment (Figure S7B). These findings suggest that disruption of the 
BIG3- PHB2 complex might lead to dysregulation of mitochondrial 
membrane– related functions in OS cells.

3.6 | Inhibition of mitochondrial BIG3- PHB2 
complex formation induces activation of the  
PARP- AIF– dependent pathway

Pathway analysis with DAVID revealed that genes in the DNA repair 
pathway GO term were significantly upregulated after 24 hours of 
stERAP treatment (Figure S7A). Moreover, unexpectedly, stERAP 
treatment led to significant upregulation of full- length PARP pro-
tein expression in MG- 63 cells at 48 hours (Figure 3D). Therefore, 
we hypothesized that disruption of the BIG3- PHB2 complex by 
stERAP treatment leads to apoptosis mediated by the mitochondrial 
protein AIF. First, we confirmed the stERAP- mediated upregula-
tion of PARP- 1 in MG- 63 cells at the mRNA and protein levels by 
qRT- PCR (Figure 5A) and Western blotting (Figure 5B), respectively. 
Notably, AIF was cleaved from 24 to 48 hours after stERAP treat-
ment (Figure 5B), while cytochrome c was not yet released from mi-
tochondria into the cytoplasm at 48 hours after stERAP treatment 
due to the early phase of apoptosis (Figure 5C). Moreover, a small 
fraction of mitochondrial PARP interacted with mitochondrial BIG3 
in OS cells (Figure 5D and 5E). These findings suggest the possibility 
that inhibition of BIG3- PHB2 complex formation might activate the 
PARP- AIF– dependent pathway via activation of mitochondrial PARP 
in OS cells.

F I G U R E  2   Inhibition of mitochondrial brefeldin A– inhibited guanine nucleotide exchange protein 3– prohibitin 2 (BIG3- PHB2) complex 
formation suppressed the proliferation, migration, and invasion of osteosarcoma (OS) cells. A, Inhibitory effect of stapled estrogen receptor 
alpha activity regulator synthetic peptide (stERAP) treatment on BIG3- PHB2 complex formation in MG- 63, Saos- 2, and HOS cells. The 
protein expression levels of PHB2 and BIG3 were determined through densitometric quantification by using an Image Reader LAS- 3000 
Mini,7 and the expression level of PHB2 was then normalized to the corresponding expression level of BIG3 in each cell line. B, stERAP 
suppressed cell proliferation (upper panels) in a dose- dependent manner, as determined by a WST- 8 assay with IC50 calculation (lower 
panels). A450, absorbance at 450 nm. Two independent experiments were performed. C, Real- time quantitative live- cell imaging analysis 
showed that stERAP suppressed the migration (left panel) and invasion (right panel) of Saos- 2 cells in a dose- dependent manner. NT, no 
treatment. The lower panels indicate the representative microscopic observations in migration and invasion assays. Two independent 
experiments were performed. D, Colocalization analyses using MG- 63 cells treated with/without stERAP for comparison of each  
pair of fluorescence signals in the multicolor immunostaining images. The white area shows the overlap of each signal. Scale bar, 10  µm. 
(Upper panels) The Pearson correlation coefficients (R) were shown for MitoTracker (MT) vs BIG3 (left), MT vs PHB2 (middle), and BIG3 
vs PHB2 (right), respectively. In the same images, R was −0.07 for DAPI vs BIG3 and −0.03/- 0.07 for DAPI vs PHB2, indicating almost 
no colocalization. (Lower panels) R was 0.961, 0.762, and 0.652 for MT vs BIG3 (left), MT vs PHB2 (middle), and BIG3 vs PHB2 (right), 
respectively. In the same images, R was −0.02 for DAPI vs BIG3 and −0.10/- 0.08 for DAPI vs PHB2, indicating almost no colocalization. Two 
independent experiments were performed
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4  | DISCUSSION

The present study revealed the first evidence that BIG3 forms a 
complex with PHB2 in mitochondria in OS cells, in contrast to its 
cytoplasmic localization in estrogen- dependent breast cancer 
cells6- 8,10,11 and that this mitochondrial complex plays important 
roles in the malignant phenotype of OS. Disruption of the BIG3- 
PHB2 complex via either knockdown of BIG3 or treatment with 
the BIG3- PHB2 interaction inhibitory peptide stERAP resulted in 
suppression of OS cell proliferation, migration, and invasion, finally 
leading to apoptosis. Notably, the mitochondrial localization of 

the BIG3- PHB2 complex in OS cells was not changed even when 
the BIG3- PHB2 interaction was inhibited by stERAP (Figure 2D; 
Figure S3). However, in breast cancer cells, PHB2 released from 
BIG3 by stERAP translocates into the nucleus, thereby function-
ing as a corepressor of ERα transcriptional activity.6- 11 Considering 
the subcellular localization of PHB2 described in previous reports, 
PHB2 forms a complex with PHB1 and is localized either within 
the inner membrane or extending into the intermembrane space of 
mitochondria.17 Accordingly, these findings suggest that the BIG3- 
PHB2 complex plays distinct crucial roles in tumorigenesis and pro-
gression at each subcellular location, although the determinants 

F I G U R E  3   Stapled estrogen receptor alpha activity regulator synthetic peptide (stERAP) treatment induced cell cycle arrest and 
subsequent cell death in MG- 63 cells. A, Phalloidin staining of MG63 cells treated with stERAP for 0, 24, 48, 72, and 96 h. Treatment 
with stERAP induced morphological alterations, such as membrane blebbing or the formation of some apoptotic body– like small vesicles 
(arrows). B, Apoptosis analysis by annexin V/PI double- staining of MG63 cells treated with 1 μM stERAP for 0, 24, 48, 72, and 96 h. C, Flow 
cytometric analyses showing the effect of stERAP on the cell cycle in MG63 cells. D, Western blot analysis showed cleaved PARP, indicated 
by the arrow, in whole- cell lysates of cells treated with/without stERAP. Full- length PARP expression at 48 h was considerably upregulated 
approximately 3.8- fold compared with that in untreated cells (NT), as determined by densitometry. Two independent experiments were 
performed

F I G U R E  4   Stapled estrogen receptor 
alpha activity regulator synthetic peptide 
(stERAP) exhibited in vivo antitumor 
efficacy in xenograft models of human 
osteosarcoma (OS). A, Tumor growth 
was assessed after weekly intravenous 
injection of stERAP into mice bearing 
ectopic OS xenografts. The tumor 
volumes (left) and tumor weights (right) 
are presented as the mean ± SD of each 
group (n = 5). **P <.001 via two- tailed 
Student's t- tests. B, Body weights of OS 
xenograft– bearing mice treated with 
weekly intravenous administration of 
stERAP. The body weights are presented 
as the mean ± SD of each group (n = 5). C, 
D, Immunoblot analysis of the inhibition 
of the brefeldin A– inhibited guanine 
nucleotide exchange protein 3– prohibitin 
2 (BIG3- PHB2) interaction (C) and 
PARP cleavage (D) in tumors treated 
with weekly intravenous administration 
of stERAP. E, Representative 
immunohistochemical staining for M30, 
a maker of apoptosis, tumors at day 
35. The expression frequency of M30, 
indicated by the arrow in right panels, was 
significantly higher in the stERAP- treated 
mice than that in the no- treatment group
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that control the distinct subcellular localization of the BIG3- PHB2 
complex must be identified.

Intriguingly, we found that stERAP treatment induced G2/M ar-
rest and sequential apoptotic events. Previous studies reported that 

a DNA targeting antitumor intercalator, C- 1311, and DNA topoisom-
erase II inhibitor, F14512, induced G2/M arrest followed by en-
larged cells and apoptosis in human leukemia or melanoma cells.18,19 
Similarly, stERAP treatment resulted in a significant time- dependent 

F I G U R E  5   Disruption of the brefeldin A– inhibited guanine nucleotide exchange protein 3– prohibitin 2 (BIG3- PHB2) complex induces 
mitochondrial dysfunction. A, qRT- PCR showed upregulated PARP- 1 expression after stapled estrogen receptor alpha activity regulator 
synthetic peptide (stERAP) treatment at 24 h compared with no treatment (NT). Two independent experiments were performed. B, 
Western blot analysis showed upregulated PARP at 24 and 48 h and activated apoptosis- inducing factor (AIF) in a time- dependent manner. 
Two independent experiments were performed. C, Western blot analysis showed that most cytochrome c was localized in mitochondria 
in the MG- 63 cell lysate even under stERAP treatment for 12, 24, and 48 h. M, mitochondria, C, cytosol. Two independent experiments 
were performed. D, Immunoprecipitation- immunoblot analyses showed that BIG3 interacted with endogenous mitochondrial PARP. IP, 
immunoprecipitated sample in MG- 63 cells. E, A small fraction of PARP- 1 (green) was merged with MitoTracker (red, left) and BIG3 (red, 
right) by immunocytochemistry and multicolor staining using MG- 63 cells. Scale bar, 10 µm
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increase in cell size in OS cells (Figure S8A). Further analyses of the 
mechanism of stERAP’s effect on enlarged cells followed by apopto-
sis in OS cells in more detail will be necessary.

More importantly, PARP protein expression was obviously up-
regulated in stERAP- treated cells compared with nontreated OS 
cells (Figure 3D), and a small fraction of mitochondrial PARP in-
teracted with mitochondrial BIG3 in OS cells (Figure 5D and 5E). 
Moreover, stERAP treatment led to activation of the PARP- 1/AIF– 
dependent pathway in OS cells (Figure 5B). Accordingly, our findings 
suggest that the BIG3- PHB2 complex might regulate the mitochon-
drial PARP- 1/AIF apoptotic pathway via direct binding to mitochon-
drial PARP- 1 in OS cells. By contrast, disruption of mitochondrial 
BIG3- PHB2 complex formation led to mitochondrial failure and 
thereby to cell morphological changes such as apoptotic body for-
mation (Figure 3; Figure S5; Figure S6), finally resulting in PARP1/
AIF– dependent apoptosis. Moreover, the characteristic phenotypes 
of this cell death, such as indistinct membrane blebbing and lack 
of shrinkage, seemed to diverge from the principle of apoptosis.20 
Szczensny B et al reported that PARP- 1 is localized in mitochondria 
and has negative effects on mitochondria- specific functions that 
suppress biogenesis, including decreases in the mitochondrial DNA 
copy number and membrane potential, unlike the well- known nu-
clear PARP- 1.21 Moreover, knockdown of mitofilin, which, like PHB2, 
is a mitochondrial inner membrane protein, promotes apoptosis via 
AIF- PARP pathway activation.22 Collectively, these findings possibly 
indicate that disruption of mitochondrial BIG3- PHB2 complex for-
mation in OS cells might cause more severe effects than disruption 
of cytoplasmic BIG3- PHB2 complex formation.

Furthermore, we demonstrated the disruption of the BIG3- 
PHB2 complex results in a reduced migratory and invasive capacity, 
which are important aspects of oncogenic progression leading to le-
thal metastasis, in OS cells. Interestingly and unexpectedly, stERAP 
treatment resulted in drastically increased coimmunoprecipita-
tion of BIG3 and β- actin in MG- 63 cells (Figure S8B). Notably, we 
demonstrated that stERAP suppressed the migration and invasion 
of OS cells (Figure 2C). Actin filaments are the principal cytoskel-
etal components related to motility and are especially essential in 
protrusive structures such as filopodia and lamellipodia.23 In addi-
tion, actin dynamics are important for the control of mitochondrial 
function through the mitochondrial membrane protein complex.24 
Accordingly, mitochondrial dysfunction induced by stERAP treat-
ment is thought to involve cell migration and invasion due to dys-
regulation of actin filaments, as argued in recent studies.25 However, 
further studies to clarify this possibility are required.

Most importantly, from a therapeutic perspective, we demon-
strated that the efficacy of stERAP in OS cells both in vitro and in 
vivo was equal to or more potent than that in ERα- positive breast 
cancer cells, as shown by comparison of the IC50 values and growth 
curve obtained in the current study (Figure 2B; Figure 4A) with those 
in previous reports.11

In conclusion, our findings show that the BIG3- PHB2 complex 
in mitochondria plays critical roles in OS tumor growth and devel-
opment and that its disruption may result in apoptotic cell death 

and decreases in the migration and invasion abilities of OS cells. The 
novel therapeutic strategy of inhibiting the BIG3- PHB2 protein- 
protein interaction might be promising in OS.
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