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Abstract
Aim: Osteosarcoma (OS) is the most common primary malignant bone tumor. However, the clinical course of the advanced cases 
at the first visit are still extremely poor. Recently, studies have explored the therapeutic effects of targeting endoplasmic reticulum 
(ER) stress and unfolded protein response (UPR) using inhibitors against these signals in several tumors. In this study, we 
investigated the functions of ER stress activities in OS and elucidated whether ER stress inhibitors could exert antitumor effects. 

Methods: The expression of 84 key genes associated with UPR in ER stress was assessed in four OS cells (143B, MG63, U2OS 
and KHOS) by RT2 Profiler PCR Arrays. Based on results, we performed gene silencing by siRNA and inhibitor assays focusing 
on IRE1α-XBP1 and PERK pathways. 

Results: All OS cell lines showed resistance to PERK inhibitors. Furthermore, ATF4 and EIF2A inhibition by siRNA did not 
affect the survival of OS cell lines. On the other hand, IRE1α-XBP1 inhibition by toyocamycin suppressed OS cell growth (IC50: 
<0.075 μM) and cell viability was suppressed in all OS cell lines by silencing XBP1 expression. The expression of XBP1s and 
XBP1u in OS cell lines and OS surgical samples were confirmed using qPCR, and all OS surgical materials and OS cell lines 
showed a similar expression pattern for XBP1s/XBP1u ratio. In MG63 and U2OS cells, toyocamycin decreased the expression 
level of XBP1s induced by tunicamycin. On the other hand, in 143B and KHOS cells, stimulation by toyocamycin did not clearly 
change the expression level of XBP1s induced by tunicamycin. 

Conclusions: Inhibition of the IRE1α-XBP1s pathway was expected to be a promising new target for OS. 
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Introduction
Osteosarcoma (OS) is the most common primary malignant 

bone tumor; it peaks during childhood/adolescence and after the 
age of 50 years. The standard protocol for the treatment of patients 
with OS was established more than 30 years ago (chemotherapy 
and surgical resection), and limited therapeutic progress has been 
made since then [1]. The therapeutic results of the advanced cases at 
the first visit were still extremely poor. Therefore, novel molecular 
targeted therapies and more effective therapeutic options based on 
molecular profiling of OS are needed.

Recently, studies have explored the therapeutic effects of 
targeting endoplasmic reticulum (ER) stress and unfolded protein 
response (UPR) using these inhibitors in several tumors [2,3]. Our 
previous proteomic analyses demonstrated critical associations 
between ER stress response and malignant behaviors in Ewing’s 
sarcoma (ES). [2] Furthermore, we found that IRE1α inhibitors 
exerted antitumor activity in ES [2]. However, the functional role 
of ER stress in OS has not been well elucidated. This study was 
designed to investigate the functions of ER stress activities in OS 
and elucidate whether ER stress inhibitors could exert antitumor 
effects in this tumor. 

Materials and Methods 
Cell lines 

The 143B and MG63 cell lines were obtained from the 
American Type Culture Collection (ATCC). The KHOS and 
U2OS cell lines were provided by Dr. Melinda Merchant (National 
Cancer Institute, Bethesda, MD, USA). All cell lines were grown 
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 
with 10% FBS and 1% penicillin/streptomycin. All experiments 
using cell lines were simultaneously performed under the same 
protocol. 

Array analyses of genes associated with UPR 

The overall expression of 84 key genes associated with the 
UPR was determined with the RT2 Profiler PCR Arrays (PAHS-
089Z; Qiagen, Venlo, The Netherlands), using an RT2 SYBR Green 
ROX qPCR Master Mix (Qiagen). Arrays were analyzed using 
mRNA from four OS cell lines. Thermal cycling was performed 
using ABI-7500Fast (Applied Biosystems, Foster, CA, USA) with 
initial denaturation at 95 °C for 10 min, 40 cycles at 95 °C for 15 
s, and 60 °C for 1 min. The signal was acquired at 60 °C for each 
cycle. The cycle threshold (Ct) values obtained in quantification 
were used to calculate fold changes in mRNA abundance using the 
2-∆∆Ct method. Data was obtained from all cell lines.

RNA extraction and quantitative real-time PCR

RNA was extracted using RNeasy Plus Mini kit (Qiagen; 
Hilden, Germany). All quantitative real-time PCR (qPCR) was 
performed with TaqMan Fast Advanced Master Mix (Applied 
Biosystems) on an Applied Biosystems Step One Plus Real 
Time PCR System in accordance with standard protocols. qPCR 
was performed using predeveloped TaqMan assays (20x Primer 
Probe mix; Applied Biosystems, CA, USA) for EIF2A (Assay 
ID Hs00230684_m1), ATF4 (Assay ID Hs00909569_g1), and 
GAPDH (Assay ID Hs02758991_g1). Custom qPCR sets were 
designed for XBP1s, XBP1u, and TATA-box binding protein 
(TBP) for separate quantifications. These primer and probe 
sequences were as follows: XBP1s (TaqMan custom probe: 
5’-FAM-CTGGGCCTGCACCTGCTGCG-TAMRA-3’, primer 
sequences: 5’-CGCAGCAGGTGCAGGCCCAG-3’ and 5’- 
TTCTGGACAACTTGGACCCA-3’), XBP1u (TaqMan custom 
probe: 5’-FAM-AGCAGACCCGGCCACTGGCC -TAMRA-3’, 
primer sequences: 5’-GGCCAGTGGCCGGGTCTGCT-3’ and5’-
CTCAGACTACGTGCACCTC-3’)  TBP(TaqMan custom probe: 
5’-FAM-ACTGTTCTTCACTCTCTTGGCTCCTGTGCA-
T A M R A - 3 ’ , p r i m e r s e q u e n c e s : 5 ’ - 
GCATATTTTCTTGCTGCCAGTCT -3’  and 5’- 
ACCACGGCACTGATTTTCAGTT -3’). Plasmids for standard 
curves were generated by cloning cDNA fragments of XBP1s, 
XBP1u, and TBP into the pCRII TOPO vector (Invitrogen). The 
amounts of XBP1s and XBP1u relative to the housekeeping 
gene, TBP, were determined using the standard curve method. 
The amounts of other genes relative to the housekeeping gene, 
GAPDH, were determined using the comparative Ct method.

Clinical samples of osteosarcoma

Eight consecutive clinical samples of OS were prepared 
to evaluate the expression status of XBP1u and XBP1s 
(Supplementary Table 2). These cases were snap-frozen samples 
stored at the institutional tumor bank. Seven of eight cases were 
those taken before chemotherapy and the remaining one was that 
after chemotherapy. Clinicopathological information was obtained 
and available from the medical record of each patient. RNA was 
also extracted from these eight cases of OS and analyzed by qPCR. 

XBP1, eIF2a, and ATF4 siRNA knockdown in OS cell lines

For the knockdown expression studies, we used four cell lines 
(143B, MG63, KHOS, and U2OS). XBP1 siRNA knockdown was 
also performed using pre-designed XBP1 siRNA (sc-38627: Santa 
Cruz or siRNA negative control, Sigma-Aldrich), EIF2A siRNA 
(s38344: Silencer™ Select Pre-Designed siRNA or AM4611: 
Invitrogen™ Silencer™ Negative Control No. 1 siRNA), and 
ATF4 siRNA (s38345: Silencer™ Select Pre-Designed siRNA or 
AM4611: Invitrogen™ Silencer™ Negative Control No. 1 siRNA) 
using Lipofectamine™ RNAiMAX reagent (Thermo Fisher 
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Scientific). After 72 h, RNA from each cell line was isolated, and 
its expression was validated using quantitative real-time PCR. 

Cell proliferation with XBP1, eIF2a, and ATF4 siRNA 
knockdown 

For knockdown proliferation studies with respect to XBP1, 
EIF2A, and ATF4, 2000 to 5000 OS cells were plated into 96-well 
plates on day 1. Transfection was performed on the same day with 
25-50 nM of the siRNA reagents. After 72 h, the cell proliferation 
ability of OS cell lines was assessed using a Cell Counting Kit-8 
(Dojindo Japan, Tokyo, Japan) and a microplate reader (SAFIRE, 
TECAN, Männedorf, Switzerland).

Growth inhibition assay

Toyocamycin (Tocris Bioscience, Bristol, UK) was used 
as an IRE1α-XBP1 pathway inhibitor. GSK2606414 (S7307, 
Selleck) and ISRIB (trans-isomer; S7400, Selleck) were used 
as PERK pathway inhibitors. OS cells were seeded into 96-
well plates at a density of 3000–10000 cells/well. The next day, 
different concentrations of inhibitors or DMSO (as a vehicle 
control) were added to each well. After 72 h, the inhibitory effect 
of these inhibitors on the growth of OS cell lines was assessed 
using a Cell Counting Kit-8 (Dojindo Japan, Tokyo, Japan) and a 
microplate reader (SAFIRE, TECAN, Männedorf, Switzerland). 
The IC50 was calculated using GraphPad Prism software version 
9.2.0 (GraphPad Software, Inc., CA, USA).

Apoptosis (caspase-3/7) assays

Because two OS cell lines (143B and KHOS) kept unex-
pectedly high-level expression of XBP1s even after Toyocamycin 
treatment while showing morphological apoptotic change, apop-
totic assays were performed for these cell lines. These cells were 
plated into 96-well plates at a density of 5000 cells/well, and the 
next day, tunicamycin (TM) or DMSO (as a vehicle control) were 
added to each well. After 3 h and 6 h, apoptosis (caspase-3/7 activ-
ity) was measured using the Apo-ONE Homogeneous Caspase-3/7 
Assay kit (no. G7791; Promega, Madison, WI, USA). Further-
more, apoptosis assay (caspase-3/7 activities) was performed at 
the following time points: after TM stimulation for 18 h, after TM 
stimulation for 6 h and subsequent toyocamycin stimulation (10-9 
μM: minimum dose) for 12 h, and after DMSO (as a vehicle con-
trol) exposure for 18 h.

Statistical analysis

Statistical analyses were performed using GraphPad Prism® 
software version 9.2.0. One-way ANOVA test was used to compare 
the cellular effects of various agents on cell lines. P<0.05 was 
considered as significantly different.

Results 
ER stress pathways are activated in OS cell lines

Three major signaling pathways in the ER stress response 
are inositol-requiring enzyme 1α (IRE1α), PKR-like ER kinase 
(PERK), and activating transcription factor 6 (ATF6), all of which 
are involved in tumorigenesis [3-5]. We performed RT2 Profiler 
PCR Arrays to evaluate the expression of 84 key genes associated 
with the UPR (gene list in Supplementary Table 1). Among the 
three major signaling pathways in ER stress response, all four 
OS cell lines showed higher expression of PERK pathway genes, 
including ATF4 and EIF2A, followed by IRE1α pathway genes, 
including XBP1 (Supplementary Fig. 1A). ATF4 and EIF2A 
showed the highest and second highest expressions, respectively, 
among ER stress genes across all OS cell lines. In addition, XBP1 
showed the third highest expression in three cell lines (143B, 
MG63, and U2OS), and the fifth highest expression in KHOS. 
Furthermore, stimulation with tunicamycin led to enhanced 
expression of PERK pathway genes, including ATF4, EIF2A, 
DDIT3, PPP1R15A, and DNAJC3 (Supplementary Fig. 1B). 
Furthermore, HSPA5, an upstream gene of the main UPR pathway, 
was also upregulated by tunicamycin stimulation. These findings 
indicated that tunicamycin stimulation enhanced the upstream 
UPR pathway gene and stimulated the PERK pathway among the 
three ER stress pathways. Based on these findings, we focused on 
the PERK and IRE1α pathways for further analysis.

OS cell lines showed resistance to the PERK inhibitors 

Recently, two PERK inhibitors have been developed: 
GSK2606414 and ISRIB. GSK2606414 is an inhibitor of EIF2AK3 
of the PERK pathway, while ISRIB is an inhibitor of EIF2A 
phosphorylation of the PERK pathway. The IC50 of GSK2606414 
was shown to be 1.7 µM in ARPE-19 (normal epithelial cell line) 
treated with GSK2606414 for 72 hours [6]. ISRIB alone has been 
reported to have poor antitumor effects on tumor cells [7]. In the 
present study, we verified the inhibitory effect of these inhibitors 
on OS cell lines. GSK2606414 did not show significant antitumor 
effects in any of the OS cell lines. All OS cell lines showed 
complete resistance to ISRIB (Figure 1).
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Figure 1: The activity of PERK pathway inhibitors in OS cells.

No significant antitumor effects of GSK2606414 can be 
seen in any of the OS cell lines. All OS cell lines show complete 
resistance to ISRIB.

ATF4 and EIF2A inhibition by siRNA did not affect the 
survival of OS cell lines

To investigate the association between the PERK pathway 
and viability of OS cells, the inhibition of ATF4 and EIF2A was 
performed via siRNA-mediated knockdown of ATF4 and EIF2A 
in the four OS cell lines. qPCR confirmed a significant decrease in 
ATF4 and EIF2A mRNA levels in all OS cell lines (Supplementary 
Fig. 2A and 3A). In the cell proliferation assays, by silencing the 
expression of ATF4, cell viability was not significantly suppressed, 
except for U2OS (Supplementary Fig. 2B). Additionally, silencing 
EIF2A expression did not significantly suppress cell viability in 
any of the OS cell lines (Supplementary Fig. 3B). 

IRE1α-XBP1 inhibition suppressed OS cell growth

Next, we examined the effect of IRE1α-XBP1 inhibition 
on OS cell lines. We had previously reported that toyocamycin 
showed the highest anti-tumor effect on Ewing’s sarcoma cells. [2] 
In Ewing sarcoma cell lines, it significantly and dose-dependently 
inhibited cell viability (IC50: 0.019 μM–0.050 μM) [2]. 
Toyocamycin also significantly and dose-dependently inhibited 

cell viability in OS cell lines as well (IC50: 0.027–0.072μM) 
(Figure 2). These findings suggest that Toyocamycin also has an 
inhibitory effect on OS cell lines.

Figure 2: The activity of IRE1α-XBP1 pathway inhibitors in OS 
cells.

The cell viability in OS cell lines is significantly and dose-
dependently inhibited by toyocamycin (IC50: 0.027 μM–0.072 
μM).

The expression of XBP1s and XBP1u in OS cell lines and OS 
surgical samples

Our previous proteomic analyses demonstrated critical 
associations between the IRE1α-XBP1 pathway and malignant 
behaviors in Ewing sarcoma cells [2]. XBP1s and XBP1u 
expressions were analyzed in the four OS cell lines and eight 
clinical surgical materials. All OS cell lines showed the mRNA 
expression of XBP1s and XBP1u (Figure. 3A). MG63 cells had 
higher mRNA expression of XBP1s and XBP1u than the other three 
OS cell lines. Interestingly, all OS cell lines showed similar mRNA 
expression patterns of XBP1s/XBP1u. In OS surgical materials, 
all OS surgical materials showed mRNA expression of XBP1s and 
XBP1u, and XBP1s/XBP1u status also showed a trend similar to 
that of OS cell lines (Figure 3B). XBP1s and XBP1u expression 
did not seem to be related to the chemotherapeutic effect and 
histological type, although only one post chemotherapeutic sample 
was included in this study (Supplementary Table 2).
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Figure 3: Expression of XBP1s and XBP1u in OS cell lines and clinical samples.

A) All OS cell lines show mRNA expression of XBP1s and XBP1u. MG63 has higher mRNA expression of XBP1s and XBP1u than the 
other three OS cell lines. 

B) All OS surgical materials show mRNA expression of XBP1s and XBP1u; XBP1s/XBP1u status also shows a trend similar to that of 
the OS cell lines.

The effects of silencing XBP1 on the viability of OS cell lines

To investigate the association between the IRE1α-XBP1 pathway and the survival of OS cell lines, inhibition of XBP1 by siRNA 
was performed in four OS cell lines. The knockdown of both XBP1s and XBP1u was confirmed using qPCR. In the cell proliferation 
assays, we also confirmed that cell viability was suppressed in all OS cell lines due to the silencing of XBP1 expression, although cell 
viability was not significantly decreased despite the higher knockdown efficacy by siRNA2 in KHOS cells (Figure 4A and 4B). These 
findings suggest a strong association between XBP1 expression and tumor proliferation in OS cells. 
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Figure 4: Cell viability by XBP1 knockdown in OS cell lines.

A) The expression of XBP1s and XBP1u in all OS cell lines is suppressed by all XBP1 siRNAs. Only KHOS cells showed higher 
cell viability despite the higher knockdown efficacy by siRNA2.

B) The cell viability in all OS cell lines is significantly inhibited due to XBP1 silencing by siRNA. 

The effects of toyocamycin on the expression of XBP1s in OS cell lines

Toyocamycin is a selective IRE1α inhibitor that shows antitumor effects and induces apoptosis in cancer cells. Tunicamycin 
(TM) generally induces ER stress and enables the processing of XBP1u to XBP1s. Thus, we first stimulated OS cell lines with TM and 
evaluated XBP1s and XBP1u expression. TM stimulation (3 µg/ml) induced the expression of XBP1s in a time-dependent manner and 
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suppressed the expression of XBP1u in all OS cell lines (Figure 5). We next examined the inhibitory effects of toyocamycin on XBP1 
cleavage after TM stimulation. In MG63 and U2OS cells, toyocamycin decreased the expression level of XBP1s induced by TM, and 
morphological apoptotic changes were not observed (Supplementary Fig. 5). On the other hand, in 143B and KHOS, stimulation by 
toyocamycin did not clearly change the expression level of XBP1s induced by TM. However, morphological apoptotic changes were 
observed in these two cell lines (Supplementary Fig. 5). 

Figure 5: Expression level of XBP1s and XBP1u by stimulation with tunicamycin and toyocamycin.

The expression of XBP1s is induced by tunicamycin (TM) stimulation (3 µg/ml) in a time-dependent manner, whereas the 
expression of XBP1u is suppressed in all OS cell lines. In MG63 and U2OS, the expression of XBP1s induced by TM is inhibited 
by toyocamycin. On the other hand, in 143B and KHOS, the expression level of XBP1s induced by TM is not changed clearly by 
stimulation with toyocamycin.
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Caspase-3/7 assay in OS cell liens

To verify the different effects of toyocamycin after TM 
stimulation on the two OS cell lines (143B and KHOS), we 
evaluated apoptotic activity using the caspase-3/7 assay. After TM 
stimulation for up to 6 h, caspase-3/7 activity was not evident in 
the OS cells, and morphological apoptotic change was not evident 
(Supplementary Fig. 4 and 5). Toyocamycin treatment at a low 
dose after TM stimulation elevated caspase-3/7 activity in two OS 
cell lines (143B and KHOS), and morphological apoptotic changes 
were evident (Supplementary Fig. 4 and 5). On the other hand, 
in MG63 and U2OS cells, morphological apoptosis changes were 
not evident (Supplementary Fig. 5) after TM stimulation for 6 h 
and toyocamycin treatment at a low dose after TM stimulation. 
Caspase activity in these two OS cell lines (143B and KHOS) were 
consistent with the morphological changes observed following the 
stimulation with toyocamycin. 

Discussion
The endoplasmic reticulum (ER) is a major intracellular 

compartment involved in protein folding and maintenance of cell 
homeostasis [4,8]. To maintain homeostasis in the ER, the amount 
of misfolded proteins is constantly monitored. The accumulation 
of misfolded proteins in the ER causes ER stress and initiates 
the unfolded protein response (UPR) to restore homeostasis 
[9]. However, under these long-term uncompensated ER stress 
conditions, the potential UPR makes it difficult to handle ER 
stress, leading to eventual cell apoptosis [8].

Tumor cells escape from ER stress by UPR, making the 
adjacent environment suitable for tumor survival and tumor 
growth [3,10]. IRE1α, PERK, and ATF6 are three major signaling 
pathways involved in the ER stress response and tumorigenesis [3-
5]. In bone and soft tissue tumors, our previous proteomic analyses 
demonstrated critical associations between ER stress response and 
malignant behaviors in Ewing’s sarcoma cells. Furthermore, we 
found that IRE1α inhibitors exerted antitumor activity in Ewing’s 
sarcoma cells [2]. To elucidate the potential of UPR as a therapeutic 
target in OS, we performed a comprehensive analysis of the ER 
stress response using RT2 Profiler PCR Arrays, and found high 
expression of PERK and IRE1α pathways-associated genes. Thus, 
we pursued these two pathways as possible therapeutic targets 
for OS. Regarding the relationship between PERK pathway and 
cancer, it has been pointed out that sustained PERK-EIF2A-ATF4 
activation contributes to tumor progression and metastasis, and 
is ultimately associated with drug resistance [11], whereas under 
prolonged stress conditions of the ER, it leads to CHOP-induced 
apoptotic cell death [12]. In this study, blocking of the PERK 
pathway by siRNA and inhibitors did not affect the cell viability in 
OS, suggesting that the PERK pathway could not be a therapeutic 
target.

Several studies have revealed an association between the 
IRE1α pathway and malignant tumors, including apoptosis, 
cell differentiation, invasion, metastasis, and drug resistance 
[13]. XPB1 is a downstream transcriptional factor of the IRE1α 
pathway and plays an important role in cancer progression. It has 
been shown that the loss of XBP1 induces a terminal UPR that 
blocks proliferation and differentiation during mammary gland 
development [14]. In this study, knockdown of XBP1 strongly 
inhibited cell proliferation in all OS cell lines, which is consistent 
with a previous study showing the antitumor effect of XBP1 
knockdown in two OS cell lines [15]. Functional analyses using 
IRE1α inhibitors have confirmed antitumor activity in several 
malignancies, including Ewing’s sarcoma cell lines, multiple 
myeloma, and pancreatic cancer [2,16,17]. Toyocamycin is an 
IRE1α inhibitor that exhibits antitumor effects by selectively 
inhibiting XBP1 mRNA splicing [17]. In all OS cell lines, 
Toyocamycin showed an antitumor effect similar to that in Ewing’s 
sarcoma cells [2]. These findings showed that blocking the IRE1α 
pathway could be a therapeutic target for OS. 

Regarding XBP1 expression during TM/toyocamycin 
treatment, we found that TM stimulation induced XBP1s 
expression in all OS cell lines. Furthermore, we confirmed that 
XBP1s expression was decreased and XBP1u was increased 
after treatment with toyocamycin in two OS cell lines (U2OS 
and MG63). However, this switching of XBP1 expression after 
toyocamycin treatment was not clear in the other two OS cell 
lines (KHOS and 143B), and XBP1s expression remained at 
a high level. Interestingly, these two OS cell lines were not 
examined in a previous study showing anti-tumor effects on XBP1 
blocking in OS [15]. Notably, these two OS cell lines showed 
morphological apoptotic changes, consistent with the finding that 
TM stimulation followed by low-dose toyocamycin treatment (12 
h) increased apoptotic activity. Regarding the relationship between 
IRE1α pathway activation, including XBP1s overexpression and 
apoptosis, it has been known that activation of JNK (MAPK8) 
cooperates with p38 and induces apoptosis [5,13]. Interestingly, 
by the comprehensive analysis of all OS cell lines stimulated with 
TM, MAPK8 expression was slightly enhanced only in 143B 
cells (Supplementary Fig. 1B). Furthermore, it has been reported 
that sustained activation of XBP1 splicing induces apoptosis in 
normal tissues [18,19]. Although it has not been reported whether 
sustained activation of XBP1 splicing induces apoptosis in tumor 
cells, we observed caspase activation in 143B and KHOS cells, 
by toyocamycin treatment at a low dose after TM stimulation, 
and morphological apoptotic changes were evident. Interestingly, 
TM treatment for 6 h followed by toyocamycin treatment for 12 
h induced morphological apoptotic changes in 143B and KHOS 
with caspase activation, while high levels of XBP1s expression 
were preserved in these two cells as well as under TM stimulation. 
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In this study, we found anti-tumor effects in OS cell lines 
with Toyocamycin, a specific inhibitor of the XBP1 gene. On the 
other hand, the reason for morphological apoptosis in two of the 
OS cell lines (143B and KHOS) with activated XBP1 gene could 
not be clarified in this study. The reason for this paradoxical change 
in OS cells remains unclear and further investigation is required. 
Furthermore, anti-tumor effect of Toyocamycin was examined 
only in vitro assay.

Conclusion
We investigated the functions and malignant activities of ER 

stress response in OS, and further elucidated whether inhibitors 
of ER stress response had antitumor effects. Our findings 
demonstrated critical associations between ER stress response 
and malignant behavior in OS. Furthermore, we found that IRE1α 
inhibitors exerted antitumor activity in OS. As XBP1s expression 
was consistently observed in OS clinical samples, inhibition of this 
pathway is expected to be a new promising target for OS patients. 
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