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Abstract 

Osteosarcoma is a bone cancer that develops commonly in children and adolescents. However, 
osteosarcoma treatments often fail by the development of chemoresistance to apoptosis, and the 
molecular mechanisms remain unclear. In this study, we propose that autophagy is responsible for 
osteosarcomatous resistance to apoptosis. We implicate PERK-mediated autophagy as a significant 
contributor to apoptosis resistance due to ER stress in osteosarcoma cells. By immunostainings 
and western blots, we identified that PERK activated osteosarcomatous autophagy via inhibiting 
mTORC1 pathway, thereby preventing cell apoptosis. While using RNAi, we knocked down PERK 
and found that autophagy was suppressed, result in osteosarcomatous apoptosis. Our results 
identify a novel role of PERK-mediated autophagy as a significant mechanism for osteosarcoma cell 
survival. These results will help to understand the mechanism of chemoresistance in osteosarcoma 
cells, and indicate a novel target for improving osteosarcoma therapy. 
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Introduction 
Osteosarcoma (OS) is a type of bone tumor in 

which the proliferating spindle cells produce osteoid 
or immature bone. OS accounts for 2.4 % of all ma-
lignancies in pediatric patients and about 20 % of 
primary bone cancers [1, 2]. OS occurs mainly in the 
metaphysis of long bones around the knee region of 
the distal femur or proximal tibia. It is highly aggres-
sive and metastasizes mainly to the lung [3]. Recently, 
advances in clinical treatment have helped much to 
improve limb salvage and reduce metastases. And 
multiagent dose-intensive chemotherapy methods 
have increased the disease-free survival rates in pa-
tients with localized disease [4]. However, frequent 
acquisition of drug-resistant phenotypes is often 
found in OS chemotherapy. It becomes a significant 
obstacle to develop better OS clinical treatment. With 
drug treatment, osteosarcoma cells activate several 
intracellular protective mechanisms to escape from 

cell death [5, 6]. Earlier reports have been indicated 
that some strategies are used by osteosarcoma cells to 
obtain apoptosis resistance, such as PI3K/AKT, 
MDR-I and survivin pathways [7-10]. Although much 
progress has been made, it is still urgent to clarify 
molecular mechanisms underlying OS chemo-
resistance for clinical therapy. 

In mammalian cells, many mechanisms that 
modulate cell homeostasis developed to maintain the 
balance of self construction and destruction. And one 
of these mechanisms is autophagy [11]. Autophagy is 
a fundamental lysosomal process that participates in 
stress tolerance. By autophagy, impaired/disrupted 
proteins and organelles are recruited to autophago-
somes and subsequently degraded by enzymes. It is 
because of autophagy that intracellular components 
may be recycled to maintain homeostasis and prevent 
the accumulation of damaged cell fragements [12]. 
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Multiple stressful conditions may induce autophagy, 
like ER stress. ER stress has been reconsidered as an 
imbalance between protein synthesis and processing 
[13]. When ER stress is overwhelmed, cells will initi-
ate autophagy, and further lead to large-scale degra-
dation and apoptosis [14]. Thus, autophagy may serve 
as a protective mechanism against cell stress [15-17]. 
Actually, autophagy occurs at basal levels in normal 
tissues. However, it is ectopically activated in tumor 
cells, conferring to chemoresistance [18-20]. Although 
autophagy has been identified as a protective mecha-
nism against stress in many tumor cells, the definite 
mechanism and significance of autophagy in tumor 
chemoresistance, especially in OS, remains largely 
unknown. 

To study the role of autophagy on chemotherapy 
resistance, we proposed to establish a molecular link 
between ER stress, autophagy and apoptosis in oste-
osarcoma cells. PERK is a ubiquitously-expressed ER 
protein kinase, which phosphorylates the alpha sub-
unit of eIF2α and plays a significant role in tumor 
development [21, 22]. When the protein folding ca-
pacity of ER is compromised during UPR, the canon-
ical function of PERK is to release the protein load in 
the ER, thereby attenuating translation initiation [23]. 
So PERK-knockout cells are unable to modulate ER 
client protein load and experience extremely high 
levels of ER stress [24].  

In the present study, we firstly demonstrated 
that PERK is highly expressed in MG63 human oste-
osarcoma cells and clinical osteosarcoma samples. 
Loss of PERK may enhance the UPR and ER stress 
under both basal and ER stress conditions. Moreover, 
PERK knockdown was found to induce more dra-
matic cell apoptosis than those in the controls, which 
may be due to autophagy inhibition. And the inhib-
ited autophagy in PERK-KD cells may be caused by 
ectopic activation of mTOR pathway. We also found 
that re-activation of autophagy in PERK-KD cells may 
rescue cell apoptosis induced by ER stress. Our results 
have established a molecular network of ER stress, 
autophagy and apoptosis in osteosarcoma cells, and 
characterized the role of autophagy in the resistance 
to osteosarcomatous apoptosis. These findings will 
allow us to develop new therapeutic strategies for 
clinical treatments of osteosarcoma. 

Materials and Methods 
Chemicals and materials 

Thapsigargin was purchased from Sig-
ma-Aldrich (St. Louis, MO, USA). Rapamycin was 
from Invitrogen (Carlsbad, CA, USA). DMEM and 
FBS were purchased from GIBCO Invitrogen (Carls-
bad, CA, USA). The Hoechst kit and Lyso-Tracker Red 

probe for acidic lysosome staining were from Be-
yotime (Haimen, Jiangsu, China). Anti-PERK, An-
ti-BiP, anti-p-eIF2α, anti-eIF2α, anti-cleaved-caspase 
3, anti-LC3, anti-p-AKT, anti-p-p70S6K1, an-
ti-p70S6K1, anti-p-4EBP1 and anti-4EBP1 were pur-
chased from Cell Signaling Technology (Danvers, 
MA, USA). Anti-ATF-6, anti-p62 and anti-GAPDH 
were from Abcam (Cambridge, UK). The CHOP an-
tibody was from Santa Cruz Biotechnology (Santa 
Cruz, CA, USA). All other reagents were obtained 
from Sigma-Aldrich with the highest purity available. 

Assay of cell cultures and pharmacological 
manipulations 

Human osteosarcoma cell line (MG63) was pur-
chased from the Shanghai Institute of Cell Biology 
(introduced from the American Type Culture Collec-
tion). MG63 cells were incubated in DMEM contain-
ing 10 % FBS plus antibiotics at 37 °C by 1.0×106 
cells/mL. For PERK knockdown, MG63 cells were 
transfected with siRNA heteroduplexes specific for 
human PERK (5’-CTCACAGGCAAAGGAAGGAG- 
3’) [25]. After the transfection for 48 h, cells were col-
lected for following experiments. For the primary 
osteoblast cell culture, the operation processes were 
carried out according to standard procedures by 
Divieti’s report [26]. 

To induce ER stress in MG63 cells, thapsigargin 
was applied to the cells at a final concentration 1 μM 
for 6 h. Cells with an equivalent amount of DMSO 
were used as internal controls. Finally, cells were 
harvested for mRNA or protein examinations. Addi-
tionally, rapamycin treatment at 100 nM for 6 h served 
to induce autophagy. 

Clinical samples 
Ten clinical samples from osteosarcoma patients 

were collected for PERK expression examinations. 
Patients were admitted in Department of Orthopedics 
of the 2nd Affiliated Hospital of Harbin Medical Uni-
versity. Participants provided written informed con-
sent approved by the Hospital Human Research Eth-
ics Committee of the 2nd Affiliated Hospital of Har-
bin Medical University. 

Cell Staining 
For Hoechst staining, cells were plated in 6-well 

plates at 1.0×105 cells/mL. After pharmacological 
manipulation, cells were stained using the Hoechst kit 
from Beyotime. The cell counting operations were 
performed by the National Institutes of Health soft-
ware ImageJ, which is available from 
http://rsbweb.nih.gov. 

For immunostaining, MG63 cells were grown on 
glass coverslips. For GFP-LC3 puncta staining, MG63 
cells were transfected with a GFP-tagged LC3 expres-
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sion plasmid using Lipofectamine 2000. After trans-
fection of 48 h, cells were fixed (plus sucrose) in PBS 
and permeabilized with Triton-X 100 at room tem-
perature. After incubation with proper primary and 
fluorescent secondary antibodies, cells were mounted 
onto glass slides with an antifade reagent containing 
DAPI and visualized by fluorescence microscopy.  

To detect the autophagy status of MG63 cells, we 
applied Lyso-Tracker Red staining to examine acidic 
lysosomes. For the assays of Lyso-Tracker Red stain-
ing, MG63 cells were plated at 1.0×105 cells/mL in 
6-well plates. After thapsigargin treatment at a final 
concentration of 1 μM for 6 h, living cells were di-
rectly stained with Lyso-Tracker Red probes from 
Beyotime following the instructions.  

Real-time PCR 
Total RNA were extracted by traditional Trizol 

reagent. Subsequent reverse transcription was oper-
ated by reverse transcriptase from MBI/Fermentas. 
Quantitative real-time PCR was performed in Bio-Rad 
iQ5 machine, and GAPDH worked as the internal 
control. Primer sequences are shown in Table 1. 

 

Table 1. Primer sequences for SYBR Green probes of target 
genes 

Gene Primer sequence 
Bip forward 5’-CGCTTCGAATCGGCGGTACCCAG-3’ 

reverse 5’-TTCTTGTCCTCCTCCTAAGCTTCG-3’ 
Atf6 forward 5’-AACAAGACCACAAGACCA-3’ 

reverse 5’-AGGAGGAACTGACGAACT-3’ 
Gapdh forward 5’-ACACCCACTCC TCCACCTTT-3’ 

reverse 5’-TAGCCAAATTCGTTGTCATA-3’ 

 

Cell sample preparation and Western blot  
To extract proteins, the cultured cells were har-

vested by centrifugation at l0, 000 rpm for 10 min. 
Next, cells were sonicated with SDS buffer plus pro-
tease inhibitors. Protein concentrations were exam-
ined and corrected by BCA Protein Assay kit (Thermo 
Fisher Scientific Inc., Rockford, IL, USA). Equal 
amounts of the proteins from each extract were sepa-
rated on a SDS-PAGE. The following Western blots 
were carried out according to standard procedures. 
Final proteins were detected and quantified using 
ImageJ. 

Statistical analysis 
Quantitative data are shown as the mean ± SEM 

using ANOVA with post-hoc tests for comparisons. 
The p-values of 0.05 (*), 0.01 (**) and 0.001 (***) were 
considered as the levels of significance for the statis-
tical tests. 

Results 
PERK is highly expressed in MG63 human os-
teosarcoma cells 

Earlier results have showed that the expression 
of PERK is increased in some types of tumors, and 
may mediate cell growth and survival under ER stress 
conditions [27, 28]. To determine whether osteosar-
coma-derived PERK retains high expression, we as-
sessed PERK expression in MG63 human osteosar-
coma cells compared to primary osteoblasts. These 
biochemical results showed that the PERK protein 
level was higher in MG63 cells than those in osteo-
blasts, by approximately 2.2-folds (Fig. 1A and B). To 
further validate the expression pattern of PERK in 
osteosarcoma cells, we carried out PERK im-
munostaining to directly visualize PERK localization 
in MG63 cells. Green fluorescence indicated that 
PERK was widely expressed in the both cytosol and 
nuclei of MG63 cells, which was consistent with pre-
vious reports of other types of tumor cells (Fig. 1C). 
Furthermore, to detect the expression of PERK in 
clinical osteosarcoma tissues, we assessed the PERK 
protein level in different stages of osteosarcoma pa-
tients. Results show that PERK expression was in-
creased by approximately 3.5-fold in the late stages of 
osteosarcoma compared to that in the early/middle 
stages (Fig. 1D and E). Taken together, these results 
suggest that PERK is highly expressed in osteosar-
coma cells, which may play an important role in os-
teosarcoma development and survival. 

PERK knockdown enhances ER stress in MG63 
human osteosarcoma cells 

To examine whether osteosarcomatous ER stress 
is upregulated by PERK loss, we investigated the gene 
expression of UPR in both control and 
PERK-knockdown osteosarcoma cells. Real-time PCR 
results show that mRNA levels of Bip and Atf6, which 
are canonical markers of the UPR, increased by 2.3 
and 1.9-folds in PERK-KD cells (Fig. 2A). Moreover, 
when thapsigargin (TG) was applied to induce ER 
stress, the mRNA levels of Bip and Atf6 in PERK-KD 
cells increased more dramatically (Bip-6.6 and 
Atf6-6.4 folds) than those in wild type cells (Bip 
3.6-fold and Atf6 4.0-fold) (Fig. 2A). To further con-
firm the increased ER stress by PERK-KD in MG63 
cells, we examined the protein levels of UPR markers 
BiP, ATF6 and p-eIF2α. The protein levels of these 
UPR markers were increased by 1.4-(basal BiP), 
1.3-(basal ATF6), 2.6-(TG BiP) and 2.8-folds (TG ATF6) 
in PERK-KD cells, compared to 2.0-(TG BiP) and 
2.1-folds (TG ATF6) in wild type cells (Fig. 2B and C). 
These results clearly indicated that knockdown of 
PERK may increase the ER stress sensitivity in osteo-
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sarcoma cells, and leads to heavy loads in the ER. 
Notably, as the downstream indicators of PERK, we 
noticed that p-eIF2α protein level was reduced under 
both basal and TG conditions, confirming PERK inac-
tivation (Fig. 2B and C). Based on the above results, 
we identify that knockdown of PERK may enhance 
ER stress in osteosarcoma cells, which may lead to cell 
apoptosis. 

PERK knockdown promotes ER 
stress-mediated apoptosis in MG63 human 
osteosarcoma cells 

The effects of ER stress on cell apoptosis differs 
in different types of tumor cell lines. To examine the 
effect of ER stress on cell apoptosis in osteosarcoma 
cells, we carried out Hoechst staining to visualize the 
cell status. The results showed that, under basal con-
ditions, the percentages of apoptotic cells were 
slightly increased in PERK-KD cells compared to 

those in wild type cells. However, after thapsigargin 
treatment, we noted the percentages of apoptotic cells 
reached 28.8 % in wild type MG63 cells and was ex-
tremely high (54.3 %) in PERK-KD cells (Fig. 3A and 
B). This finding is consistent with the alternations of 
UPR in PERK-KD cells, suggesting that loss of PERK 
may reduce cell resistance to stress. To confirm these 
findings, we carried out western blots to analyze the 
apoptotic protein levels in PERK-KD MG63 cells. We 
found that the protein levels of CHOP and 
cleaved-caspase 3, well-known apoptotic proteins, 
were increased more in PERK-KD cells than that in 
wild type cells under both basal and thapsigargin 
conditions (Fig. 3C and D). Taken together, our find-
ings strongly indicated that loss of PERK may re-
markably reduce cell resistance in osteosarcoma cells, 
inducing dramatic cell death. 

 
Figure 1 PERK is highly expressed in MG63 human osteosarcoma cells. (A-B) Western blots and histograms showing the high expression of PERK in MG63 osteo-
sarcoma cells compared to primary osteoblasts. Results are the average of four independent experiments. Data represent mean ± SEM. ***p<0.001. (C) Images showing the 
expression pattern of PERK in cultured MG63 cells. Green fluorescence indicates PERK, and blue indicates DAPI. Bar 25 μm. (D-E) Western blots and histograms showing that 
PERK expression is higher in late stages of osteosarcoma than in early/middle stage samples. Results are the average of five pairs of clinical samples. Data represent mean ± SEM. 
*p<0.05. 
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Figure 2 PERK knockdown enhances ER stress in MG63 human osteosarcoma cells. (A) Real-time PCR results showing the increasing of UPR genes Bip and Atf6 in 
MG63 cells by PERK knockdown under both basal and thapsigargin (1 μM for 6 h) conditions. Results are the average of three independent experiments. Data represent mean 
± SEM. *p<0.05, **p<0.01 and ***p<0.001. (B-C) Western blots and histograms showing the increasing of BiP and ATF6 protein levels by PERK knockdown under both basal and 
thapsigargin (1 μM for 6 h) conditions. Note that the protein level of p-eIF2α/eIF2α was reduced by PERK knockdown. Results are the average of three independent experiments. 
Data represent mean ± SEM. *p<0.05. 

 

PERK knockdown reduces autophagy by acti-
vating mTORC1 pathway in MG63 human os-
teosarcoma cells 

To study how osteosarcoma cells resist ER stress 
and why the loss of PERK reduces cell resistance to 
stress, we focused on an important cellular protective 
mechanism against apoptosis, autophagy. To examine 
whether autophagy was increased in osteosarcoma 
cells induced by ER stress, we applied a living lyso-
some staining to these cells. The Lyso-Tracker Red 
probe provides highly selective staining of acidic ly-
sosomes, which are recognized as markers of au-
tophagy [29]. By this assay, we found that the inten-
sity of red fluorescence was increased by 8.5-fold in 
wild type MG63 cells after thapsigargin treatment, 
and only 4.3-fold in PERK-KD cells (Fig. 4A and B). To 
confirm these results, we carried out GFP-LC3 puncta 
assays to detect autophagy [30]. The images show that 
with GFP-LC3 transfection, many punctas appeared 
in wild type MG63 cells after thapsigargin treatment. 
However, the puncta numbers were reduced in 
PERK-KD cells after thapsigargin treatment (Fig. 4C). 
Moreover, biochemical results show that thapsigargin 

induced the conversion of LC3-I to LC3-II and re-
duced p62, both markers of autophagy, in wild type 
MG63 cells, but not in PERK-KD cells (Fig. 4D). Thus, 
our data indicates that loss of PERK disrupts the in-
duction of autophagy by ER stress. 

To investigate the molecular mechanism of 
PERK on autophagy, we focused on mTOR signaling. 
mTOR is a master regulator that integrates signals 
from growth factors and nutrients to cell metabolism 
[31]. The activation of mTORC1 pathway inhibits au-
tophagy [32]. While inhibition of mTORC1 by ra-
pamycin promotes autophagy in hepatoma and breast 
cancer cells [33, 34]. To study whether PERK reduces 
autophagy through mTORC1 pathway, we examined 
the activity of mTORC1 in osteosarcoma cells. We 
found that p-p70S6K1 and p-4EBP1, which are mark-
ers of mTORC1 pathway, were dramatically increased 
by PERK knockdown under both basal and 
thapsigargin conditions (Fig. 4D). We also found that 
mTORC2 activity, indicated by p-AKT, may not be 
altered by PERK-KD (Fig. 4D). These results suggest 
that ectopic activation of the mTORC1 pathway may 
be responsible for autophagy inhibition in PERK-KD 
osteosarcoma cells. 
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Figure 3 PERK knockdown promotes ER 
stress-mediated apoptosis in MG63 human 
osteosarcoma cells. (A) Hoechst staining (blue) 
showing increased cell apoptosis with thapsigargin 
(1 μM for 6 h) treatment in PERK knockdown 
MG63 cells compared to wild type MG63 cells. 
White arrows indicate apoptotic cells. Bar 50 μm. 
(B) Histograms showing the quantification of cell 
apoptosis (%) in wild type and PERK knockdown 
MG63 cells after thapsigargin treatment. Results 
are the average of four independent experiments. 
Data represent mean ± SEM. *p<0.05, **p<0.01. 
(C-D) Western blots and histograms showing 
increased protein levels of CHOP and cleaved 
caspase 3 (c-caspase 3) with thapsigargin treatment 
(1 μM for 6 h) in PERK knockdown cells compared 
to wild type MG63 cells. Results are the average of 
three independent experiments. Data represent 
mean ± SEM. *p<0.05, **p<0.01. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 4 PERK knockdown reduces autophagy 
by activating the mTORC1 pathway in MG63 
human osteosarcoma cells. (A) Acidic lysosome 
staining by Lyso-Tracker Red probes showing the 
attenuated induction of autophagy by thapsigargin (1 
μM for 6 h) treatment in PERK knockdown MG63 
cells. Bar 25 μm. (B) Histograms showing the quanti-
fication of the relative fluorescence intensity in wild 
type and PERK knockdown MG63 cells after 
thapsigargin treatment. Results are the average of 
three independent experiments. Data represent mean 
± SEM. **p<0.01. (C) Images showing the induction of 
GFP-LC3 puncta reduced by PERK knockdown after 
thapsigargin (1 μM for 6 h) treatment. White arrows 
indicate GFP-LC3 puncta. Bar 5 μm. (D) Western 
blots showing the induction of autophagy (indicated by 
the LC3-I/II ratio and p62) and inhibition of the 
mTORC1 pathway (indicated by p-70S6K1 and 
p-4EBP1) after thapsigargin (1 μM for 6 h) treatment. 
PERK knockdown constitutively activates 
themTORC1 pathway and inhibits autophagy after 
thapsigargin treatment. 
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Figure 5 Inhibition of the mTORC1 pathway promotes cell survival in PERK-knockdown MG63 cells. (A-B) Western blots and histograms showing that inhibition 
of the mTORC1 pathway by rapamycin (100 nM for 6 h) dramatically blocks mTORC1 activity (indicated by p-70S6K1 and p-4EBP1) and induces autophagy (indicated by LC3-I/II 
ratio and p62) in both wild type and PERK knockdown MG63 cells after thapsigargin treatment. Results are the average of three independent experiments. Data represent mean 
± SEM. *p<0.05, **p<0.01. (C) Hoechst staining (blue) showing that inhibition of mTORC1 pathway by rapamycin dramatically reduced apoptosis in PERK knockdown MG63 cells 
after thapsigargin treatment. White arrows indicate apoptotic cells. Bar 50 μm. (D) Histograms showing the quantification of cell apoptosis (%) in wild type and PERK knockdown 
MG63 cells after rapamycin/thapsigargin treatment. Results are the average of four independent experiments. Data represent mean ± SEM. *p<0.05, **p<0.01. 

 
Inhibition of the mTORC1 pathway promotes 
cell survival in PERK-knockdown MG63 cells 

We have shown that PERK loss may block ER 
stress-mediated autophagy and result in cell apopto-
sis in MG63 cells. Thus, it highly possible that 
re-activation of autophagy in PERK-KD cells may 
restore cell survival in osteosarcoma cells. To test this 
hypothesis, we applied autophagy activators to 
thapsigargin-treated PERK-KD cells and examined 
cell viability. Rapamycin is a well-known mTORC1 
inhibitor, and widely used as an autophagy inducer. 
After rapamycin treatment, we found that mTORC1 
activity, indicated by the expressions of p-p70S6K1 
and p-4EBP1, was dramatically reduced in both wild 
type and PERK-KD MG63 cells under thapsigargin 
conditions (Fig. 5A and B). Moreover, the increased 
expression and conversion of LC3 and decreased p62 
expression indicated increased autophagy in both 
wild type and PERK-KD MG63 cells (Fig. 5A). Further 
results of Hoechst staining showed that the percent-
ages of apoptotic cell were dramatically reduced to 

27.1 % in rapamycin-treated PERK-KD cells, com-
pared to 54.5 % in non-rapamycin PERK-KD cells (Fig. 
5B and C). Therefore, we demonstrate that 
re-activation of autophagy may protect PERK-KD 
osteosarcoma cells from apoptosis, and confirm the 
role of autophagy in osteosarcoma resistance to ER 
stress. 

Discussion 
OS patients often develop resistance to chemo-

therapeutic drugs, and some mechanisms have been 
revealed for this chemoresistance. In this study, our 
results showed that PERK-activated autophagy is a 
significant contributor to the resistance of ER stress 
and/or apoptosis in osteosarcoma cells. PERK may 
inhibit mTORC1 activity and thus induce autophagy 
under stress conditions. Knockdown of PERK dis-
rupted the axis of the PERK/mTORC1/autophagy 
and increased the osteosarcomatous sensitivity to ER 
stress-mediated apoptosis (Fig. 6). 
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Figure 6 Model. Schematic representation highlighting the molecular link between ER stress, autophagy and apoptosis in MG63 human osteosarcoma cells. To release cellular 
stress, osteosarcoma-derived PERK inactivates the mTORC1 pathway and develop autophagy to prevent cell apoptosis. With the loss of PERK, the mTORC1 pathway is 
constitutively activated. Therefore, osteosarcoma cells fail to induce autophagy and thus undergo dramatic cell apoptosis. 

 
PERK is a transmembrane serine/threonine 

protein kinase that phosphorylates two known sub-
strates: the eIF2α [21] and the Nrf2 transcription factor 
[35]. Importantly, PERK is required for maintaining 
cellular redox homeostasis and preventing 
ROS-induced genotoxic stress [23]. Recent investiga-
tions reveal PERK functions during tumorigenesis. 
For example, PERK promotes tumor proliferation and 
growth by limiting oxidative DNA damage [27]. 
PERK is also critical for tumor adaptation to hypoxic 
stress by modulating angiogenesis [36, 37]. Here, for 
the first time, we show that PERK is highly expressed 
in osteosarcoma cells, and functions as a stress re-
sponder to promote cellular protective mechanisms, 
such as autophagy. Therefore, our findings at least 
revealed that besides the functions in tumor growth 
and the ROS response, PERK may be an important 
osteosarcomatous protective gene. 

Cells have an intrinsic mechanism of apoptosis 
under stress conditions, but tumor cells often have 
multiple signaling pathways and effector mechanisms 
to deal with temporal and developmental cell stress. 
Resistance to apoptosis may augment the escape of 
tumor cells from surveillance by the immune system. 
When cellular stress is overwhelmed, tumor cells may 
activate many protective pathways to release the 
stress and escape from apoptosis. During these tu-

morous responses to stress, autophagy plays an im-
portant role. This might partly answer why osteosar-
coma cells are “stronger” than normal cells under 
stress conditions and drug treatment. Nowadays, 
chemoresistance constitutes an important clinical 
problem especially in OS therapy [38]. In present 
study, we proposed a novel mechanism of 
PERK-mediated autophagy in osteosarcomatous re-
sistance to apoptosis. Our findings will help to better 
understand the relationship between ER stress, au-
tophagy and apoptosis, and allow us to develop new 
therapeutic strategies for clinical osteosarcoma treat-
ment. 

On the other hand, the balance between new 
protein synthesis and unfolded protein degradation 
might be precisely regulated in cell maintenance. In-
terestingly, we noted that thapsigargin may induce 
ER stress in osteosarcoma cells. It also exhibited an 
inhibitory effect on mTORC1 pathway, which may 
reduce new protein synthesis. Since mTORC1 works 
as a master regulator of protein synthesis, controlling 
~15-20% new protein synthesis in cells [31], the inhib-
itory effect of thapsigargin on protein synthesis may 
be partly mediated by mTORC1 pathway. Addition-
ally, thapsigargin may also induce protective au-
tophagy by inhibition of the mTORC1 pathway, 
which may help to release overwhelming ER stress. 
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The co-interactions of new protein synthesis and au-
tophagy promote osteosarcoma survival under ER 
stress. With the loss of PERK, the protective mecha-
nisms of inhibited protein synthesis and activated 
autophagy are blocked due to constitutively activated 
mTORC1 pathway. Hence, we propose that PERK is a 
key stress sensor in osteosarcoma cells. PERK inhibi-
tors, such as GSK2656157, could be targeted in OS 
clinical therapy in the future [39]. 

Conclusion 
In summary, our results demonstrate that PERK 

regulates osteosarcomatous autophagy through 
mTORC1 pathway under ER stress, thereby prevent-
ing cell apoptosis. Loss of PERK in osteosarcoma cells 
suppresses protective autophagy, whereas it increases 
sensitivity to stress and may result in osteosarcoma-
tous apoptosis. In the context of therapeutic interven-
tion, inhibition of PERK may result in a highly effec-
tive novel therapeutic approach when combined with 
agents that induce cell apoptosis during osteosarcoma 
clinical therapy. 
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PERK: Protein kinase R (PKR)-like Endoplasmic Re-
ticulum Kinase; PERK-KD: PERK Knockdown; PI3K: 
Phosphoinositide 3-kinase; ROS: Reactive Oxygen 
Species; SDS: Sodium Dodecyl Sulfate; UPR: Unfold-
ed Protein Response.  
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