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Abstract: Osteosarcoma (OS) is the most frequent primary bone cancer, which is mainly suffered by children and 
young adults. While the current surgical treatment combined with chemotherapy is effective for the early stage of 
OS, advanced OS preferentially metastasizes to the lung and is difficult to treat. Here, we examined the efficacy of 
ten anti-OS peptide candidates from a trypsin-digested conditioned medium that was derived from the secretome 
of induced tumor-suppressing cells (iTSCs). Using OS cell lines, the antitumor capabilities of the peptide candidates 
were evaluated by assaying the alterations in metabolic activities, proliferation, motility, and invasion of OS cells. 
Among ten candidates, peptide P05 (ADDGRPFPQVIK), a fragment of aldolase A (ALDOA), presented the most potent 
OS-suppressing capabilities. Its efficacy was additive with standard-of-care chemotherapeutic agents such as cis-
platin and doxorubicin, and it downregulated oncoproteins such as epidermal growth factor receptor (EGFR), Snail, 
and Src in OS cells. Interestingly, P05 did not present inhibitory effects on non-OS skeletal cells such as mesenchy-
mal stem cells and osteoblast cells. Collectively, this study demonstrated that iTSC-derived secretomes may provide 
a source for identifying anticancer peptides, and P05 may warrant further evaluations for the treatment of OS.
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Introduction

Osteosarcoma (OS) is a primary bone cancer 
that affects mostly children and young adults 
[1, 2]. Its common site of induction is the lower 
limb, and the standard-of-care treatment in- 
cludes chemotherapy as well as surgical remov-
al [3, 4]. Popular MAP chemotherapy with three 
chemotherapeutic agents, including methotrex-
ate, doxorubicin, and cisplatin, is effective in 
inhibiting its progression and recurrence [5, 6]. 
However, advanced OS tends to metastasize, 

most often to the lung, and it is difficult to treat 
metastasized OS [7, 8]. The development of 
effective treatment, as well as early detection, 
is essential for improving the survival of patients 
with advanced OS.

Anticancer peptides (ACPs), a series of peptides 
approximately with 10-60 amino acids, have 
recently emerged as a promising therapeutic 
choice for many types of cancer, potentially, 
because of their high penetration and specifici-
ty with fewer side effects [9-12]. Compared to 
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tumor-suppressing proteins, peptides are gen-
erally easier to synthesize and are considered 
less likely to cause drug resistance [13, 14], 
although they may have drawbacks in their sta-
bility with a short half-life [15, 16]. Several com-
putational approaches have been developed to 
predict the anticancer activities of ACP candi-
dates [17-19], but it is still a challenge to design 
effective ACPs since a variety of mechanisms 
of anticancer action are considered [20].

For the treatment of OS, we herein selected 
ACP candidates and examined their tumor-sup-
pressive capabilities. The ten ACP candidates 
were derived from tumor-suppressing proteins 
that were secreted from a unique type of cells 
named induced tumor-suppressing cells (iTSCs) 
[21-26]. We have shown that the activation of 
cMyc paradoxically converts cancer cells as 
well as non-cancer cells into iTSCs, and iTSC-
derived conditioned medium (CM) is enriched 
with tumor-suppressing proteins such as 
Calreticulin, Enolase 1, and Moesin [24, 27]. 
The question we addressed here was whether 
effective ACPs can be generated from proteins 
that were enriched in iTSC-derived CM. To the 
best of our knowledge, little is known about 
ACPs that are effective for the treatment of OS.

The generation of iTSCs by activating oncogen-
ic signaling, such as cMyc and β-catenin/Wnt 
signaling, is linked to an unsuccessful repro-
gramming of induced pluripotent stem cells 
(iPSCs) [28-30]. To produce iPSCs, the trans-
fection of the four transcription factors such as 
cMyc, Oct4, Klf4, and Sox2 is necessary [31]. 
Importantly, however, the successful repro-
gramming rate of adult somatic cells is only 
about 1%, and a majority of transfected cells 
fail to acquire pluripotency [32]. One type of 
such unsuccessfully transfected cells becomes 
oncogene-induced senescent (OIS) cells that 
secrete tumor-suppressive proteins [33]. While 
it is unclear whether all iTSCs are senescent, 
mounting evidence suggests that the overex-
pression of oncoproteins and the activation of 
oncogenic pathways facilitate the secretion of 
anti-cancer proteins [22].

In this study, we created trypsin-digested pep-
tides using iTSC-derived CM and selected the 
ten ACP candidates (P01 to P10) that were 
highly expressed in the peptide pool. After the 
prescreening of these candidates, we selected 
peptide P05 as the most potent ACP for further 

characterization. P05 was derived from aldol-
ase A (ALDOA), which is a glycolytic enzyme 
responsible for converting fructose-1,6-bispho-
sphate to glyceraldehyde 3-phosphate and 
dihydroxyacetone phosphate [34]. The levels of 
glycolytic enzymes, including ALDOA, are gener-
ally elevated in cancer cells [35, 36], and they 
contribute to inducing the Warburg effect. 
Accordingly, cancer cells preferentially use gly-
colysis rather than oxidative phosphorylation 
for energy production. Importantly, we have 
shown that extracellular ALDOA, which is 
enriched in iTSC-derived CM, acts as a tumor-
suppressing protein in breast cancer [37]. In 
this study, we presented that ACPs can be iden-
tified from iTSC-derived tumor-suppressing pro-
teins, and ALDOA-derived P05 is a potential 
candidate for the treatment of OS.

Materials and methods

Cell culture 

Human OS cell lines such as MG63 [38] and 
U2OS [39] (86051601-1VL and 92022711-1VL, 
Sigma, St. Louis, MO, USA), a patient-derived 
xenograft (PDX) TT2-77 OS xenoline [40], 
murine K7M2 osteosarcoma cancer cells [41] 
(ATCC, Manassas, VA, USA), RAW264.7 pre-
osteoclast cells (ATCC), and murine mesenchy-
mal stem cells (MSCs) derived from the bone 
marrow of the C57BL/6 strain were cultured in 
DMEM. MC3T3-E1 osteoblasts (Sigma) were 
grown in αMEM (Gibco, Carlsbad, CA, USA), and 
human fetal osteoblast (hFOB) (ATCC) were 
grown in DMEM. The culture medium was sup-
plemented with 10% fetal bovine serum and 
antibiotics (100 units/mL penicillin, and 100 
µg/mL streptomycin; Life Technologies, Grand 
Island, NY, USA). Cells were maintained at 37°C 
and 5% CO2.

OS cells were treated with 10 peptides (P01 to 
P10, Genscript Biotech, Piscataway, NJ, USA) 
and chemotherapeutic agents, such as Taxol 
(#1097, Tocris Bioscience, Minneapolis, MN, 
USA), Doxorubicin (#2252, Tocris Bioscience), 
and Cisplatin (#2251, Tocris Bioscience). TT2 
OS cells were also treated with human re- 
combinant ALDOA protein (#MBS8248528, 
MyBioSource, San Diego, CA, USA). For in vitro 
experiments, CM was prepared using low-
speed centrifugation at 2,000 rpm for 10 min. 
The supernatants were further centrifuged at 
4,000 rpm for 10 min and subjected to filtra-
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tion with a 0.22-μm polyethersulfone mem-
brane (Sigma).

MTT assay and EdU assay

MTT-based metabolic activity was evaluated 
using ~2,000 cells seeded in 96-well plates. 
Cells were incubated for two days with treat-
ment agents. They were dyed with 0.5 mg/mL 
thiazolyl blue tetrazolium bromide (#M5655, 
Sigma) on day 4, and a mixed solution of isopro-
pyl alcohol and hydrochloric acid was added at 
the ratio of 60:1. Optical density for assessing 
metabolic activities was determined at 562 
nm. EdU-based proliferation activity was evalu-
ated using ~1,000 cells, which were seeded in 
96-well plates. We employed a fluorescence-
based cell proliferation kit (Click-iT™, EdU Alexa 
Fluor™ 488 Imaging Kit; Thermo Fisher, Wal- 
tham, MA, USA), using the procedure described 
by the manufacturer.

Scratch assay

A wound-healing scratch assay was utilized to 
evaluate the two-dimensional migratory behav-
ior of OS cells by determining the change in the 
scratch area. Approximately 3×105 cells were 
seeded in 12-well plates on day 1. On day 2, a 
scratch was made on the cell layer with a tip of 
a plastic pipette. Cells were washed with DMEM 
to remove floating cells. Images of cell-free 
zones were taken at 0 h and 24 h with a light 
microscope (40×), and the areas of the cell-free 
zone were quantified by Image J.

Transwell invasion assay

The invasion capacity of tumor cells was deter-
mined using a 12-well plate and transwell 
chambers (#353182, Thermo Fisher) with 8-µm 
pore size. The chambers were coated with 300 
µL Matrigel (100 µg/mL), and 500 µL of the 
serum-free medium was added. The chamber 
was washed three times with the serum-free 
medium. Approximately 7×104 cells in 300 µL 
serum-free DMEM were placed in the upper 
chamber, and 800 µL CM was added to the 
lower chamber. Cells, which invaded the lower 
side of the membrane, were fixed, and stained 
with methanol and crystal violet. Five randomly 
chosen images were taken with an inverted 
optical microscope (100×), and the average 
number of stained cells, which represented the 
invasion capacity, was determined.

Western blot analysis

Cells were lysed with a RIPA lysis buffer (#sc-
24948, Santa Cruz Biotechnology, Dallas, TX, 
USA) with protease inhibitors (#PIA32963, 
Thermo Fisher), and phosphatase inhibitors 
(#2006643, Cal-biochem, Billerica, MA, USA). 
Proteins were separated by 10%-15% SDS gel 
(Bio-Rad Laboratories, Hercules, CA, USA) and 
transferred to a polyvinylidene difluoride mem-
brane (#IPVH00010, Millipore, Billerica, MA, 
USA). The membrane was incubated with the 
primary antibodies, followed by incubation with 
secondary antibodies (#7074S/7076S, Cell 
Signaling, Danvers, MA, USA). We used antibod-
ies against EGFR, ALDOA, Snail, p-Src, Src, 
cleaved caspase 3, caspase 3, IL-1β, IL-6 (Cell 
Signaling), and M-CSF, OPN (Santa Cruz 
Biotechnology), with β-actin (Sigma) as a con-
trol. The protein level was determined using a 
SuperSignal west femto maximum sensitivity 
substrate (#PI34096, Thermo Fisher), and a 
luminescent image analyzer (#LAS-3000, Fuji 
Film, Tokyo, Japan) was used to quantify signal 
intensities [42].

Plasmid transfection and RNA interference

The overexpression of ALDOA was conducted 
by transfecting plasmids (#109854; Addgene, 
Cambridge, MA, USA), while blank plasmids 
(FLAG-HA-pcDNA3.1; Addgene) were used as  
a control. RNA interference was conducted 
using siRNA specific to EGFR (#AM16708; 
Thermo Fisher) with a negative siRNA (Silencer 
Select #1, Thermo Fisher) as a nonspecific con-
trol using the procedure previously described 
[43].

Immunoprecipitation

Immunoprecipitation was conducted with an 
immunoprecipitation starter pack kit (#45-
000-369, Cytiva, Marlborough, MA, USA), using 
the procedure according to the manufacturer. 
Protein samples were pretreated with agarose 
beads conjugated with protein A and rabbit  
IgG, followed by overnight immunoprecipitation 
with the beads conjugated with anti-EGFR or 
ALDOA antibodies. The beads were collected by 
centrifugation, washed three times with PBS, 
and resuspended for Western blotting. Wes- 
tern blotting was conducted using antibodies 
against EGFR and ALDOA (Cell Signaling).
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Bone culture

A pair of femora were collected from C57BL/6 
female mice (~10 weeks of age), and connec-
tive tissues around the bone were removed. 
The femora were cut in half at the mid-diaphy-
sis, and a hole was generated at the other side 
with a 25-gauge needle. K7M2 OS cancer cells 
(2.5×105 cells) were resuspended in 10 μL of 
culture medium, and they were injected into the 
bone marrow cavity through the open end of 
the diaphysis. The bone samples were placed 
into a petri dish and cultured in 2 mL of DMEM 
with 10% FBS and 1% antibiotics at 37°C and 
5% CO2. Half of the culture media was replaced 
daily with fresh medium. After 2 weeks, the 
bone samples were used for Western blot 
analysis.

Osteoclast differentiation assay

The differentiation assay of RAW264.7 pre-
osteoclasts was performed in a 12-well plate. 
During the 6-day incubation of pre-osteoclast 
cells in 40 ng/mL of RANKL, the CM was 
exchanged once on day 4. Adherent cells were 
fixed and stained with a tartrate-resistant acid 
phosphate (TRAP)-staining kit (Sigma), accord-
ing to the manufacturer’s instructions. TRAP-
positive multinucleated cells (> 3 nuclei) were 
identified as mature osteoclasts.

Molecular docking analysis

To evaluate interactions between EGFR and 
ALDOA, as well as EGFR and P05, a ZDOCK pro-
gram (ver. 2016, Discovery Studio, San Diego, 
CA, USA) was employed [44]. All possible bind-
ing poses were considered in the translational 
and rotational space between EGFR and ALDOA 
or P05, and each pose was evaluated by deter-
mining the energy-based ZDOCK scoring sys-
tem [45]. Hydrogen-bonding interactions were 
predicted for the EGFR-ALDOA complex and 
EGFR-P05 complex.

Statistical analysis

For cell-based experiments, three or four inde-
pendent experiments were conducted, and 
data were expressed as mean ± S.D. Statistical 
significance was evaluated using a one-way 
analysis of variance (ANOVA). Post hoc statisti-
cal comparisons with control groups were per-
formed using Bonferroni correction with statis-

tical significance at P < 0.05. The single and 
double asterisks in the figures indicate P < 0.05 
and P < 0.01, respectively.

Results

Reduction in viability, and motility of OS cells 
by P02, P04, and P05

We first examined the ten anti-tumor peptide 
candidates (P01 to P10). They were selected 
from engineered MSC-derived CM that was 
enriched with anti-tumor proteins (Supple- 
mentary Table 1). The peptide candidates were 
derived from the trypsin-digested fragments of 
all proteins in the CM and their anticancer 
capability was evaluated using three OS cell 
lines (U2OS, TT2, and MG63). While the reduc-
tion of MTT-based cell viability in 2 days was 
observed with the peptides at 50 μg/ml except 
for peptide P06, the peptides (P02, P04, and 
P05) were the top three in the average reduc-
tion in the viability (Supplementary Table 2). 
Among these three peptides, P05 presented 
the most significant anti-tumor effects, particu-
larly, on the MTT-based viability and scratch-
based cell motility for TT2 OS cells (Figure 1A, 
1B). Importantly, these three peptides did not 
reduce the viability or motility of MSCs and 
hFOBs (Figure 1C, 1D, Supplementary Figure 
1A, 1B), indicating their cancer-selective inhibi-
tory actions.

Reduction in proliferation, and invasion of OS 
cells by P05

The reduction in MTT viability was dose-depen-
dent for P02, P04, and P05 (Figure 2A), and 
combinatorial use of these peptides presented 
an additive effect on the reduction in cell motil-
ity but not on the reduction in cell viability 
(Figure 2B, 2C). Of note, P02 was derived from 
Rho GDP dissociation inhibitor alpha (ARHGDIA), 
while P04 and P05 were part of Aldolase A 
(ALDOA), a glycolytic enzyme. Besides viability 
and motility, P05 decreased the EdU-based 
proliferation and transwell invasion of TT2  
OS cells (Figure 3A, 3B). Furthermore, P05 
decreased the scratch-based motility of U2OS 
and MG63 OS cells and the EdU-based prolif-
eration of MG63 cells (Supplementary Figure 
2A-C). Also, the application of P05 to TT2 OS 
cells downregulated oncoproteins such as 
p-Src, EGFR, and Snail, while it acted as a cyto-
toxic agent by elevating cleaved caspase 3, an 
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Figure 1. Anti-tumor action of P02, P04, and P05. MSC = mesenchymal stem cell, and CN = control. The single and 
double asterisks indicate P < 0.05 and 0.01, respectively. A, B. Reduction of MTT-based viability and scratch-based 
motility of U2OS, TT2, and MG63 osteosarcoma cells in response to 10 and 50 µg/ml P02, P04, and P05. C, D. No 
significant effects on MTT-based viability and scratch-based motility of MSCs in response to 10 and 50 µg/ml P02, 
P04, and P05.

apoptotic marker (Figure 3C). In MG63 OS cells, 
P05 also decreased the level of EGFR, p-Src, 

and Snail (Supplementary Figure 2D). Hereafter, 
we mainly examined the inhibitory action of 
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P05 because of its superior anti-tumor capa- 
bilities.

Additive anti-tumor effects with chemothera-
peutic agents

We next examined the effects of the simul- 
taneous application of P05 with three repre-
sentative chemotherapeutic agents, such as 
Cisplatin, Doxorubicin, and Taxol. Cisplatin and 

Doxorubicin are two of the three agents in the 
standard-of-care chemotherapy for OS, while 
Taxol is the most well-known natural-source 
cancer drug. The result revealed that the appli-
cation of P05 contributed to lowering the IC50 of 
the selected agents in MTT-based viability of 
TT2 OS cells (Figure 3D). With the application 
of P05 at 25 μg/ml, the IC50 value was lowered 
from 7.4 μM to 4.7 μM (Cisplatin), 2.6 μM to 0.9 
μM (Doxorubicin), and 0.5 μM to 0.1 μM (Taxol).

Figure 2. A Dose-dependent effects of P02, P04, and P05 on cell viability and motility. CN = control. The single and 
double asterisks indicate P < 0.05 and 0.01, respectively. A. Effects of P02, P04, and P05 on MTT-based viability 
of TT2 osteosarcoma cells. B, C. Combined effects of P02, P04, and P05 on MTT-based viability and scratch-based 
motility of TT2 osteosarcoma cells.
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Anti-tumor effects on breast cancer cells by 
P02, P04, and P05

Besides the anti-OS actions, we observed  
that peptides P02, P04, and P05 suppressed 

the progression of breast cancer cells. The 
application of 25 μg/ml of P02, P04, and  
P05 significantly reduced MTT-based viabi- 
lity and scratch-based motility of MDA-MB- 
231 breast cancer cells (Figure 4A, 4B). 

Figure 3. Effects of P05 on proliferation, invasion, and gene expression, and its combined effects with the selected 
chemotherapeutic agents. CN = control, Cis = Cisplatin, and Dox = Doxorubicin. The double asterisk indicates P < 
0.01. A, B. Effects of 25 µg/ml P05 on proliferation and transwell invasion of TT2 osteosarcoma cells. C. Decrease 
in the levels of p-Src, EGFR, and Snail, and an increase in cleaved caspase 3 (c-Cas-3) in TT2 osteosarcoma cells by 
the application of 25 µg/ml P05. D. Additive anti-tumor effects of P05 with Cisplatin, Doxorubicin, or Taxol.
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Furthermore, P05 significantly reduced tran-
swell invasion and EdU-based proliferation of 
MDA-MB-231 cells (Figure 4C, 4D). It also 
reduced the expression of EGFR, p-Src, and 
Snail (Figure 4E).

Generation of iTSCs by the overexpression of 
ALDOA in MSCs

Thus far, we show that P05, which is derived 
from ALDOA, can act as an ACP for OS and 

Figure 4. Anti-tumor effects of P02, P04, and P05 on MDA-MB-231 breast cancer cells. CN = control. The single 
and double asterisks indicate P < 0.05 and 0.01, respectively. A-D. Reduction in MTT-based viability, scratch-based 
motility, Transwell invasion, and EdU-based proliferation, respectively. E. Downregulation of oncoproteins such as 
EGFR, p-Src, and Snail by P05.
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breast cancer. We next evaluated the effect of 
ALDOA, a parental protein of P04 and P05, on 
OS cells and MSCs. As reported in our previous 
studies, most tumor-suppressing proteins, 
which were enriched in iTSC CM such as 
Moesin, Enolase 1, etc., presented a double-
sided action as an oncoprotein intracellularly 
and a tumor suppressor extracellularly [46]. 
Here, we also observed the same site-depen-
dent action of ALDOA. When ALDOA was overex-
pressed in TT2 and MG63 OS cells, it acted as 
an oncoprotein and stimulated the viability of 
OS cells (Figure 5A). However, when ALDOA was 
transfected into MSCs, ALDOA-overexpressing 
MSC-derived CM presented tumor-suppressing 
capabilities. This CM reduced viability, prolifer-
ation, motility, and invasion of TT2 OS cells 
(Figure 5B-F), as well as MG63 OS cells 
(Supplementary Figure 3).

Interaction between ALDOA and EGFR

In the IntAct molecular interaction database 
(EMBL-EBI), the interaction of ALDOA with  
EGFR was predicted (Supplementary Figure 
4A). Consistently, a protein docking program, 
ZDOCK, predicted the potential binding of 
ALDOA with EGFR, including 22 possible inter-
actions in the range of 1.9 to 3.7 Å (Figure 6A; 
Supplementary Table 3). Also, the possible 
binding of P05 with EGFR was shown with 10 
putative hydrogen bondings at 1.9 to 3.6 Å 
(Figure 6B; Supplementary Table 4). An immu-
noprecipitation assay using a protein lysate 
from TT2 OS cells showed that ALDOA was co-
immunoprecipitated with EGFR, and recipro-
cally EGFR was co-immunoprecipitated with 
ALDOA (Figure 6C, 6D). Consistently, silencing 
of EGFR with its specific siRNA suppressed 
ALDOA-induced reduction in cell viability (Figure 
6E). Collectively, ALDOA is a double-edged pro-
tein that acts as an oncoprotein intracellularly, 
as well as a tumor suppressor extracellularly. 
While the potential binding of P05 to EGFR was 
predicted, the interactions between ALDOA and 
EGFR (ZDOCK score of 27.78) were predicted 
stronger than those between P05 and EGFR 
(ZDOCK score of 15.76).

Inhibition of osteoclast maturation by P05

Bone-resorbing osteoclasts play a critical role 
in bone degradation in OS. Besides inhibiting 
the progression of OS cells, we examined the 

effects of P05 on the development of osteo-
clasts. The result showed that the differentia-
tion of RANKL-stimulated osteoclasts was 
blocked and the number of multi-nucleated 
TRAP-positive osteoclasts (more than 3 nuclei) 
was significantly lowered by the application of 
P05 at 25 μg/ml (Figure 7A). By contrast,  
no significant change in the viability of 
MC3T3-E1 osteoblast cells was detected in 
response to P05, with a slight increase in type I 
collagen (COLI) and alkaline phosphatase (ALP) 
(Supplementary Figure 4B, 4C).

Reduction of oncoproteins by P05 in the ex 
vivo bone culture

Given the anticancer role of P05 in OS cells, we 
lastly examined its tumor-suppressing effect 
using an ex vivo bone culture. K7M2 OS cell-
inoculated femora were cultured in the pres-
ence and absence of 25 μg/mL P05 for 2 
weeks, and the expression of oncoproteins was 
evaluated. The result revealed that the admin-
istration of P05 significantly reduced the levels 
of EGFR, macrophage colony-stimulating factor 
(M-CSF), osteopontin (OPN), interleukin 1 beta 
(IL-1β), interleukin 6 (IL-6), and phosphorylated 
Src (Figure 7B). 

Discussion

This study presented that peptide P05 acted  
as an effective ACP for OS cells as well as 
breast cancer cells. P05 is derived from a gly-
colytic enzyme, ALDOA, having an amino acid 
sequence of ADDGRPFPQVIK (1,342 Da) with 
an isoelectric point of 7.0. The application of 
P05 inhibited the viability, proliferation, motili-
ty, and invasion of human OS cell lines. It also 
downregulated the expression of oncogenic 
proteins such as Src, Snail, and EGFR and 
induced apoptosis by elevating the level of 
cleaved caspase 3. P04 was also derived from 
ALDOA and acted as another ACP (2,107 Da for 
IGEHTPSALAIMENANVLAR) with an isoelectric 
point of 5.3. Most ACPs are positively charged 
since cancer cells have in general negative sur-
face charges because of the glycolysis-driven 
secretion of lactic acid. Interestingly, unlike 
most ACPs, the net charge of P04 and P05 is 
negative at a neutral pH. The result indicates 
that the selective interaction of P04 and P05 
with OS cells is not mediated by non-specific 
electrostatic force.
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We observed a double-sided role of ALDOA, 
depending on its acting site in the intracellular 
and extracellular domains. Similar to atypical 

tumor-suppressing proteins, such as Moesin 
and Enolase 1, its overexpression in tumor 
cells elevated their MTT-based viability. 

Figure 5. Double-edged role of ALDOA to osteosarcoma and MSCs. CN = control, pl = plasmid transfection, MSC 
= mesenchymal stem cell, and CM = conditioned medium. The double asterisk indicates P < 0.01. A. Increase in 
MTT-based viability and the level of EGFR by overexpressing ALDOA in TT2 osteosarcoma cells. B. Overexpression of 
ALDOA in MSCs and the elevation of EGFR. C-F. Reduction in MTT-based viability, EdU-based proliferation, scratch-
based motility, and transwell invasion, respectively, by ALDOA-overexpressing MSC-derived conditioned medium.
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Figure 6. Possible involvement of EGFR in the action of ALDOA and P05. CN = control. The double asterisk indicates 
P < 0.01. A, B. Predicted interactions of ALDOA-EGFR and P05-EGFR. C, D. Reciprocal immunoprecipitation of EGFR 
and ALDOA using TT2 derived cell lysates. E. Suppression of ALDOA-driven reduction in MTT-based viability of TT2 
OS cells by silencing EGFR.
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Figure 7. P05’s protective effects on bone and the proposed mechanism of P05’s action. CN = control. The double 
asterisk indicates P < 0.01. A. Reduction in multi-nucleated RANKL-stimulated osteoclasts in response to P05. B. 
Reduction in EGFR, M-CSF, OPN, IL-1β, IL6, and p-Src by the administration of 25 µg/mL of P05 in the ex vivo bone 
culture. C. Proposed mechanism of the anti-tumor action of P05.
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However, ALDOA-overexpressing MSCs gener-
ated tumor-suppressing CM, and extracellular 
ALDOA acted as a tumor suppressor. The pro-
tein docking analysis and immunoprecipitation 
assay supported the interaction of ALDOA with 
EGFR. The overexpression of EGFR promoted 
the growth and motility of OS cells, while its 
deletion suppressed the proliferation, migra-
tion, and invasion of OS cells in vitro and tumor 
formation in vivo [47]. The levels of phospho-
Akt and phospho-ERK were decreased by EGFR 
knockdown but increased as a result of EGFR 
overexpression, supporting a possible involve-
ment of PI3K/Akt and ERK pathways in the 
effects of EGFR on OS cells [48].

Deep learning-based analyses present a list of 
selection criteria for predicting effective ACPs 
[49, 50]. The criteria include (a) enrichment of 
G, A, L, F, W, and K residues, (b) high frequency 
of the positively charged residue K and low fre-
quency of the negatively charged residues of D 
and E, (c) a net positive charge with a high iso-
electric point, and (d) frequent appearance of 
specific pairing. The net charge at pH 7 was 0 
(P05) and -0.91 (P04). According to one of the 
prediction software iDACP [51], P04 and P05 
were predicted as non-ACPs with a score of 
0.039 and 0.074, respectively, in which the 
score range was 0 (most likely non-ACP) to 1 
(most likely ACP). The non-ACP prediction by 
iDACP indicates the difficulty in predicting 
effective ACPs.

The proposed mechanism of P05’s action is 
illustrated in Figure 7C. The overexpression of 
ALDOA in OS cells promoted their viability, but 
ALDOA-overexpressing MSC CM, as well as 
extracellular ALDOA, suppressed the progres-
sion of OS cells. ALDOA-derived P05 also inhib-
ited the proliferation, migration, and invasion of 
OS cells. The additive effect of P05 and chemo-
therapeutic agents is an advantage for clinical 
applications. Patients do not have to eliminate 
the current standard-of-care treatment. The 
simultaneous application of P05 significantly 
reduced IC50 of Cisplatin, Doxorubicin, and 
Taxol. The additive therapeutic action would 
reduce the toxic effects of the chemotherapeu-
tic agents by reducing their dosage. Besides 
the suppression of OS progression, P05 was 
effective in blocking the differentiation of bone-
resorbing osteoclasts.

We recognize that there are limitations to the 
current study. The stability, specificity, and side 

effects of P05 should be evaluated using pre-
clinical models. While the molecular docking 
analysis predicted a possible interaction of 
P05 with EGFR, an experimental evaluation is 
necessary to determine whether the anticancer 
action of P05 is mediated with EGFR. For the 
clinical application to OS, P05’s bone-targeted 
delivery is expected to enhance its efficacy and 
preclinical studies should be conducted.

Conclusions

This study demonstrated that P05 is a candi-
date for anti-OS APC that suppressed the via- 
bility, motility, and invasion capability of three 
OS cell lines. P05 can be applied with existing 
chemotherapeutic agents, and it significantly 
reduced the IC50 of each of the three tested 
agents. The anticancer action of P05 is not 
based on nonspecific electrostatic interactions 
with negatively charged cancer cells. Further 
studies are recommended to determine its 
anti-cancer mechanism, including possible in- 
teraction with EGFR.
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Supplementary Table 1. Anti-cancer peptide candidates

id sequence gene MW 
(Da)

Isoelectric 
point (PH)

net chart 
at pH 7.0

P01 SETAPAAPAAPAPAEK Histone H1.4 (H1-4) 1478.6 4.30 -1.00
P02 AEEYEFLTPMEEAPK Rho GDP Dissociation Inhibitor Alpha (ARHGDIA) 1784.0 3.67 -3.99
P03 HVFGESDELIGQK Triosephosphate Isomerase (TPI) 1458.3 4.43 -1.91
P04 IGEHTPSALAIMENANVLAR ALDOA (Aldolase A) 2107.4 5.30 -0.91
P05 ADDGRPFPQVIK ALDOA (Aldolase A) 1342.5 7.00 0.00
P06 GAGTGGLGLAVEGPSEAK FLNA (Filamin A) 1570.7 4.27 -1.00
P07 VEPGLGADNSVVR FLNA (Filamin A) 1312.4 4.07 -1.00
P08 NSNLVGAAHEELQQSR Lamin A/C (LMNA) 1752.9 5.30 -0.91
P09 AAGTLYTYPENWR Eukaryotic Translation Elongation Factor 1 Gamma (Eef1G) 1541.7 7.00 0.00
P10 FAAATGATPIAGR 40S ribosomal protein 1203.4 11.05 1.00

Supplementary Table 2. MTT-based relative viability of 3 osteosarcoma cell lines
Application of 50 μg/ml of P01 to P10

P01 P02 P03 P04 P05 P06 P07 P08 P09 P10
U2OS 1.13 0.93 0.98 0.83 0.98 1.17 0.96 1.06 1.07 1.01
TT2 0.79 0.91 0.80 0.86 0.84 0.99 0.95 0.83 0.85 0.87
MG63 0.84 0.88 1.04 0.86 0.85 0.92 0.96 0.92 0.85 1.08
mean 0.92 0.91 0.94 0.85 0.89 1.02 0.96 0.94 0.93 0.99

Supplementary Figure 1. Effect of P02, P04, and P05 on hFOB cells. CN = control. A, B. No significant change in 
the MTT-based viability and scratch-based motility, respectively, in response to the administration of 25 µg/ml of 
P02, P04, or P05.
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Supplementary Figure 2. Anti-tumor action of P02, P04, and P05 to U2OS and MG63 osteosarcoma cells. CN = 
control. The single and double asterisks indicate P < 0.05 and 0.01, respectively. A, B. Reduction in scratch-based 
motility of U2OS and MG63 osteosarcoma cells, respectively, by the application of 50 µg/ml of P02, P04, and P05. 
C. Reduction in EdU-based proliferation of MG63 cells by 25 µg/ml of P05. D. Downregulation of EGFR, p-Src, and 
Snail in MG63 cells by 25 µg/ml of P05.
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Supplementary Figure 3. Tumor-suppressing role of ALDOA-overexpressing MSCs. CN = control, p = plasmid trans-
fection, MSC = mesenchymal stem cell, and CM = conditioned medium. The double asterisk indicates P < 0.01. A. 
Contrasting role of ALDOA. The overexpression of ALDOA in MG63 OS cells elevated their MTT-based viability. How-
ever, ALDOA-overexpressing MSC-derived conditioned medium reduced the MTT-based viability of MG63 OS cells. 
B-D. Reduction in scratch-based motility, EdU-based proliferation, and transwell invasion, respectively, by ALDOA-
overexpressing MSC-derived conditioned medium.

Supplementary Figure 4. Predicted network of the ALDOA-interacting protein candidates and the effect of P02, P04, 
and P05 on MC3T3-E1 osteoblast cells. A. Prediction of ALDOA-interaction protein candidates based on network. 
B. No significant change in the MTT-based viability of MC3T3-E1 cells in response to the administration of 25 µg/
ml of P02, P04, or P05 peptides. C. Slight upregulation of type I collagen (COLI) and alkaline phosphatase (ALP) in 
response to the administration of 25 µg/ml of P05 peptides.
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Supplementary Table 3. Hydrogen-bonding interaction in EGFR-ALDOA complex
EGFR Receptor Residue ALDOA Ligand Residue Interaction Constituents Distance (A) Type
C:ASN151 B:LYS28 B:LYS28:HZ2 - C:ASN151:OD1 2.3 Conventional
C:HIS359 B:LYS87 B:LYS87:HZ3 - C:HIS359:O 2.2 Conventional
C:GLU320 B:ASP89 B:ASP89:H - C:GLU320:O 2.6 Conventional
C:ASN91 B:GLY102 B:GLY102:H - C:ASN91:OD1 2.0 Conventional
D:VAL255 B:LYS330 B:LYS330:HZ1 - D:VAL255:O 2.7 Conventional
D:VAL255 B:LYS330 B:LYS330:HZ2 - D:VAL255:O 2.6 Conventional
C:SER146 B:GLN340 B:GLN340:HE21 - C:SER146:O 2.4 Conventional
D:PRO257 B:ALA352 B:ALA352:H - D:PRO257:O 2.6 Conventional
D:PRO257 B:ALA353 B:ALA353:H - D:PRO257:O 1.9 Conventional
C:TYR88 B:ASP68 C:TYR88:N - B:ASP68:OD2 2.8 Conventional
C:TYR88 B:ARG69 C:TYR88:OH - B:ARG69:O 3.2 Conventional
C:ASN314 B:LYS318 C:ASN314:ND2 - B:LYS318:O 2.6 Conventional
C:ASN331 B:ASP89 C:ASN331:ND2 - B:ASP89:O 3.1 Conventional
C:THR358 B:ASP90 C:THR358:OG1 - B:ASP90:O 3.0 Conventional
C:ASN151 B:LYS28 B:LYS28:HE3 - C:ASN151:OD1 1.9 Carbon
C:HIS359 B:LYS87 B:LYS87:HE2 - C:HIS359:O 3.0 Carbon
C:THR358 B:GLY91 B:GLY91:HA3 - C:THR358:O 2.5 Carbon
C:THR360 B:GLY91 B:GLY91:HA3 - C:THR360:OG1 2.0 Carbon
C:THR358 B:ARG92 B:ARG92:HA - C:THR358:O 2.8 Carbon
D:ASP254 B:ALA323 B:ALA323:HA - D:ASP254:OD2 2.4 Carbon
D:PRO257 B:GLU327 D:PRO257:CD - B:GLU327:OE2 2.6 Carbon
C:HIS334 B:ASP89 C:HIS334:CD2 - B:ASP89:OD1 3.7 Carbon

Supplementary Table 4. Hydrogen-bonding interaction in EGFR-P05 complex
EGFR Receptor Residue P05 Ligand Residue Interaction Constituents Distance (A) Type
A:CYS208 P05:ARG92 P05:ARG92:HH11 - A:CYS208:O 2.9 Conventional
A:GLN194 P05:ILE98 A:GLN194:CA - P05:ILE98:O 3.4 Carbon
A:SER196 P05:GLN96 A:SER196:CB - P05:GLN96:O 2.8 Carbon
A:HIS209 P05:ASP90 A:HIS209:CA - P05:ASP90:OD2 3.6 Carbon
B:GLN194 P05:ALA88 P05:ALA88:HA - B:GLN194:O 2.8 Carbon
A:GLU221 P05:GLY91 P05:GLY91:HA3 - A:GLU221:OE1 2.9 Carbon
A:SER196 P05:ARG92 P05:ARG92:HD2 - A:SER196:OG 2.4 Carbon
A:CYS208 P05:ARG92 P05:ARG92:HD3 - A:CYS208:O 1.9 Carbon
B:PR0219 P05:PRO95 P05:PRO95:HA - B:PRO219:O 2.1 Carbon
B:PRO219 P05:PRO95 P05:PRO95:HD3 - B:PRO219:O 2.6 Carbon


