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One contributor to the high mortality of osteosarcoma is its reduced sensitivity to
chemotherapy, but the mechanism involved is unclear. Improving the sensitivity of
osteosarcoma to chemotherapy is urgently needed to improve patient survival. We
found that chemotherapy triggered apoptosis of human osteosarcoma cells in vitro and
in vivo; this was accompanied by increased Sestrin2 expression. Importantly, autophagy
was also enhanced with increased Sestrin2 expression. Based on this observation, we
explored the potential role of Sestrin2 in autophagy of osteosarcoma. We found that
Sestrin2 inhibited osteosarcoma cell apoptosis by promoting autophagy via inhibition
of endoplasmic reticulum stress, and this process is closely related to the PERK-
eIF2α-CHOP pathway. In addition, our study showed that low Sestrin2 expression can
effectively reduce autophagy of human osteosarcoma cells after chemotherapy, increase
p-mTOR expression, decrease Bcl-2 expression, promote osteosarcoma cell apoptosis,
and slow down tumour progression in NU/NU mice. Sestrin2 activates autophagy by
inhibiting mTOR via the PERK-eIF2α-CHOP pathway and inhibits apoptosis via Bcl-2.
Therefore, our results explain one underlying mechanism of increasing the sensitivity of
osteosarcoma to chemotherapy and suggest that Sestrin2 is a promising gene target.

Keywords: Sestrin2, apoptosis, autophagy, drug resistance, endoplasmic reticulum stress

INTRODUCTION

Neoplasms remain the primary killer worldwide (Burns et al., 2020; Pantziarka et al., 2021).
Osteosarcoma is a highly aggressive tumour occurring in long bones and is one of the most
common primary malignancies in adolescents and young adults (Liu et al., 2020; Pan et al., 2021).
Regardless of improvements in treatment options, including surgery with adjuvant chemotherapy,
the recurrence rate of this malignant disease is still as high as 30–40%, and the 10-year survival

Abbreviations: SESN2, Sestrin2; ER, endoplasmic reticulum; ROS, reactive oxygen species; Cis, cisplatin; Dox, doxorubicin;
Mtx, methotrexate; RIPA, radioimmunoprecipitation assay; TEM, Transmission electron microscopy; CCK8, Cell
Counting Kit-8.
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rate is as low as 20–30% due to drug-resistant metastasis
(Yen et al., 2018; Chen J. et al., 2019). Therefore, to develop more
effective and comprehensive treatments for clinical application,
it is necessary to identify the underlying mechanisms relating to
the proliferation, drug resistance and recurrence of osteosarcoma
(Gu et al., 2018; Liu et al., 2021).

Autophagy plays a key role in numerous physiological and
pathological processes, such as development and growth, as
well as various diseases, including cancer (Dodson et al., 2013;
Li et al., 2020a,b). Autophagy is considered an intracellular
degradation process that is usually triggered by a variety of
stress factors, such as nutrient deficiency, hypoxia, intracellular
reactive oxygen species (ROS), oxidative stress and chemical
drugs (Huang et al., 2018; Mrakovcic and Frohlich, 2019).
In autophagy, abnormally expressed or folded cytoplasmic
proteins and disrupted organelles are selectively transferred
to lysosomes for degradation (Wang W. et al., 2018; Liu
et al., 2019). Programmed cell death caused by autophagy
plays an important role in various malignant tumours, but
there is considerable controversy about the precise role of
autophagy in tumour occurrence and progression, especially
regarding the regulation of chemoresistance in malignant
tumours. Some studies have suggested that autophagy can
induce programmed death of tumour cells and thus inhibit
tumorigenesis and metastasis (Mrakovcic and Frohlich, 2019).
However, accumulating evidence has indicated that autophagy
may protect cancer cells from further damage by removing
damaged organelles, increasing their metabolism and recycling
misfolded macromolecules. Autophagy is also believed to inhibit
the exposure of cancer cells to accumulated damage and
reduce apoptosis, and enhance the viability of cancer cells,
thereby promoting tumour proliferation, drug resistance and
metastasis (Wang et al., 2019). However, the relationship between
autophagy and apoptosis, and the underlying mechanism of
autophagy in drug resistance of osteosarcoma remains unclear
(Hattori et al., 2021).

The acquisition of drug resistance is a very complex process
mediated by gene mutations, changes in gene expression,
selective splicing, post-translational protein modification, etc
(Aleksakhina et al., 2019; Khan et al., 2021; Patra et al., 2021;
Peixoto da Silva et al., 2021). Sestrins (SESNs) are highly
conserved chaperones that play an important role in cell survival
(Crisol et al., 2018). They are responsible for many cytoprotective
mechanisms, especially under stress conditions (Dai et al., 2018).
The expression of SESNs is upregulated in a wide range of
tumours in response to cell stress and is closely associated
with resistance to chemotherapy (Crisol et al., 2018; Sanchez-
Alvarez et al., 2019). Previous studies have reported that the
SESN family of proteins are considered as emerging targets
for pharmacological intervention (Sanchez-Alvarez et al., 2019).
Importantly, it has been reported that SESNs can regulate
autophagy (Dai et al., 2018). There are correlations between
the expression and activity of SESNs with unfolded protein
responses from mitochondria and endoplasmic reticulum (ER),
and eIF2AK2/PKR kinase centralised on the phosphorylation
of the eIF2α translation initiation factor (Ye et al., 2015;
Kimball et al., 2016). Endoplasmic reticulum stress-inducing

drugs like bortezomib and nelfinavir resulted in the upregulation
of Sestrin2 (SESN2) along with ER stress markers in breast,
ovarian and cervical adenocarcinoma cancer cell lines (Bruning
et al., 2013). Sestrin2, a member of the SESN family, was
found to be one of the most important cellular stress proteins
and to be involved in tumour progression and cancer cell
invasion (Lear et al., 2019; Zhu et al., 2020). Jia-Hau Yen
et al demonstrated that TIIA-mediated autophagy occurred in a
SESN2-dependent but not Beclin-1-dependent manner in human
osteosarcoma 143B cells, suggesting that SESN2 is a potential
molecular target for cancer therapy (Yen et al., 2018; Jeong
et al., 2019). However, little is known about the role of SESN2-
dependent autophagy in drug resistance of human osteosarcoma.
Studies should focus on determining the role of SESN2 in
osteosarcoma cells with a particular focus on autophagy and its
potential effects on drug resistance, and the underlying molecular
mechanism of chemotherapy-driven SESN2-mediated autophagy
in osteosarcoma also needs to be explored.

In this study, we found that SESN2 expression was upregulated
in osteosarcoma cells during chemotherapy; thus, we further
investigated the effects of SESN2 on the proliferation, apoptosis,
drug resistance of osteosarcoma cells. In addition, we explored
the potential mechanism by which SESN2 promotes drug
resistance in osteosarcoma cells through increased autophagy.
SESN2 activates autophagy and inhibits apoptosis through the
PERK-eIF2α-CHOP pathway and Bcl-2. Our findings provide a
novel therapeutic target for the treatment of osteosarcoma.

MATERIALS AND METHODS

Cell Culture and Reagents
The human osteosarcoma cell lines MG-63, HOS and 143B
from the Cell Bank of Chinese Academy of Medical Sciences
(Shanghai, China) were grown in Eagle’s Minimum Essential
medium (Gibco, Los Angeles, CA) containing 10% foetal bovine
serum (Gibco) and antibiotics at 37◦C under 5% CO2. Cisplatin
(Cis), doxorubicin (Dox), methotrexate (Mtx), ZVAD-FMK,
rapamycin (Rap), and 3-methyladenine (3-MA), 4-Phenylbutyric
acid (4-PBA) were purchased from Sigma Aldrich (St. Louis,
Missouri, United States).

Cell Transfection
MG-63, HOS and 143B cells were seeded into 12-well plates and
incubated at 37◦C for 24 h until the cells reached approximately
50-60% confluence. A plasmid carrying the SESN2 gene and
control/SESN2-specific shRNAs was purchased from Hanbio Co.,
Ltd. (Shanghai, China). Subsequently, the cells were transfected
using a plasmid carrying the SESN2 gene according to the
manufacturer’s instructions. The sequence of shSESN2 was 5′-
GGTCCACGTGAACTTGCTGC-3′. Western blot analysis was
used to detect the protein expression level of SESN2 in
osteosarcoma cell lines subjected to lentiviral transduction.

Cell Viability Assay
Osteosarcoma cells were seeded into 96-well plates. After
incubation for 24 h, cells were treated with cisplatin (Cis,
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20 µmol/L), doxorubicin (Dox, 0.2 µg/mL) or methotrexate
(Mtx, 50 µmol/L) at the indicated concentrations for 24 h, 48 h,
and 72 h. Cell viability was determined with a Cell Counting
Kit-8 Assay Kit (Beyotime, Shanghai, China) and Caspase-
3 colorimetric assay kit (Solarbio, Beijing, China) was used
according to the manufacturer’s instructions.

Colony Formation Assay
MG-63 and HOS cells in the logarithmic growth phase were
seeded into a 10-cm dish at a density of 200 cells per millilitre.
After treatment with Cis (20 µmol/L) and Dox (0.2 µg/mL) for
2 weeks, cell clones were fixed with 4% paraformaldehyde for
15 min. Subsequently, crystal violet solution was added to stain
the cell clones for 20 min before they were photographed.

Apoptosis Analysis
After osteosarcoma cells were seeded into 6-well plates and
incubated overnight, they were treated with Cis (20 µmol/L),
Dox (0.2 µg/mL), or Mtx (50 µmol/L) for 24 h. Apoptotic cells
were determined using an Annexin V-PE Apoptosis Detection
kit (BD, Shanghai, China) by flow cytometry according to the
manufacturer’s instructions.

Western Blot Analysis
Cells were washed with PBS and lysed in
radioimmunoprecipitation assay (RIPA) buffer, and then a
BCA kit (Thermo Fisher Scientific, Shanghai, China) was
used to determine the protein concentrations. Equal amounts
of proteins were resolved by SDS-PAGE and transferred to
activated PVDF membranes. The membranes were blocked with
5% non-fat dry milk and incubated with primary antibodies
overnight at 4◦C. The dilution ratio of primary antibodies
against Sestrin2 (#8487, CST, United States), PARP (#9532, CST,
United States), cleaved PARP (#5625, CST, United States), Beclin-
1 (ab207612, Abcam, United States), LC3 (ab192890, Abcam,
United States), P62 (ab109012, Abcam, United States), mTOR
(ab2732, Abcam, United States), phospho-mTOR (ab131538,
Abcam, United States), Bcl-2 (ab59348, Abcam, United States),
PERK (ab65142, Abcam, United States), phospho-eIF2α

(ab131505, Abcam, United States) and CHOP (ab11419, Abcam,
United States) was 1:1000, and that of antibody against GAPDH
(#5174, CST, United States) was 1:2000. After incubation with
HRP-conjugated secondary antibodies (1:3000 dilution) for
40 min at room temperature, the protein bands were visualised
with Amersham Imager 600.

Quantitative Real-Time Polymerase
Chain Reaction
Total RNA was isolated from cells by using TRIzol (Sigma,
Ventura, United States) according to a procedure modified
from a previously described protocol. Quantitative real-time
PCR (qRT-PCR) experiments were performed using SYBR
Green reagents (Takara Bio Inc., Shiga, Japan) with specific
primers. The cycle threshold (Ct) values were collected and
normalised to the level of respective. The 11 Ct method was
adopted as our previous study. The primers were listed as

follows: SESN2 (F) 5′- GACCATGGCTACTCGCTGAT -3′,(R)
5′- GCT GCC TGG AAC TTC TCA TC -3′; GAPDH (F)
5′-CCACAGTCCATGCCATCAC-3′, (R) 5′-TCCACCACCCTG
TTGCTGTA-3′.

Immunofluorescence
To detect the formation of autolysosomes, cells were seeded
into 24-well plates at 5 × 104 cells per well. After treatment
with the indicated chemotherapeutic drugs for 24 h, cells were
fixed in 4% paraformaldehyde for 20 min and incubated with a
primary antibody against LC3 (ab192890, Abcam, United States)
at 4◦C overnight. The cells were washed with PBS three times
for 3 min each time, followed by incubation with secondary
antibodies for 1 h at room temperature. DAPI was incubated with
cells for 3 min to stain nuclei. The samples were sealed in and
photographed under a fluorescence microscope within 24 h of
antibody treatment.

Measurement of Autophagic Flux
To analyse autophagic flux, HOS cells at a density of 50–70% were
transiently transfected with GFP-RFP-LC3 (Hanbio Co. LTD)
according to the manufacturer’s instructions. They were divided
into groups according to experimental requirements and treated
with chemotherapy drugs or rapamycin (100 nmol/L) for the
corresponding time. The expression levels of GFP and mRFP
were observed by confocal fluorescence microscopy.

Transmission Electron Microscopy
Transmission electron microscopy (TEM) was performed to
monitor autolysosome formation in cells treated with chemical
drugs for 24 h. After the cells were centrifuged at 2000 × g
for 15 min and the supernatant was removed, 1.5 mL of
glutaraldehyde was added immediately and incubated overnight
to fix cells in the pellet. Then, 1% osmium tetroxide was added
and fixed at 4◦C for 30 min. Next, a graded series of acetone
was applied to the sample for 10 min per concentration before
1 mL of pure embedding agent was added and left overnight at
room temperature. The cell mass was carefully inserted into the
module at the bottom of the hole, and the embedding medium
hole filling module was continued. When the sample hardened
after 2 h at 60◦C, the embedding blocks were sliced at a thickness
of 50∼70 nm for follow-up observation.

Intracellular Ca2+ Measurement
The levels of cytosolic Ca2+ were detected using Fura-Red-
AM (CAS 149732-62-7, AAT Bioquest, United States). After
treatment with Cis (20 µmol/L) and Dox (0.2 µg/mL) for
24 h, HOS cells were treated and harvested according to the
manufacturer’s instructions. The fluorescence intensities of Fura
Red alone and bound to Ca2+ were detected by flow cytometry.

In vivo Subcutaneous Tumour Model
All animal work was carried out following the guidelines of the
Ethics Committee of the Fourth Military Medical University and
was performed according to the institutional guidelines for the
care and use of laboratory animals. NU/NU mice (the Fourth
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Military Medical University, Shaanxi, China) were randomly
assigned and used to investigate the effect of SESN2 on tumour
formation in vivo. A total of 5 × 107 143B cells (sh-NC/sh-
SESN2) suspended in serum-free medium were subcutaneously
implanted into the flanks of mice. Tumour size was measured
every 3 days from day 7 until day 28. The tumours were
removed, weighed at day 28. NU/NU mice were intraperitoneally
injected with chemotherapeutic drugs twice a week. The results
were counted by three pathologists who were blind to the
characteristics of each group. The tumour volume (mm3) was
calculated using the following formula: length× width2/2.

RESULTS

Sestrin2 Expression Is Increased in
Response to Chemotherapy Drugs
To analyse the expression of SESN2 in osteosarcoma cells
after chemotherapy, we detected the expression of SESN2 in
HOS, MG63 and 143B cells treated with Cis (20 µmol/L), Dox
(0.2 µg/mL) or Mtx (50 µmol/L). These chemotherapeutic agents
significantly increased the expression of SESN2 in all three cell
lines (Figure 1A) at the mRNA and protein level (Figure 1B).
More importantly, the increases in SESN2 expression were time
dependent. We detected SESN2 expression at 24, 48, and 72 h
after treatment and found that it was highest at 24 h, and

there was no significant decrease at 48 and 72 h (Figure 1C).
Therefore, we can conclude that SESN2 expression increases in
a time-dependent manner after chemotherapeutic treatment.

Sestrin2 Reduces the Sensitivity of
Osteosarcoma Cells to
Chemotherapeutic Agents by Inhibiting
Apoptosis to Confer Drug Resistance
To further explore the underlying role of SESN2 in the
drug resistance of osteosarcoma cells, we reduced SESN2
expression via lentivirus transduction with a plasmid containing
shRNA targeting SESN2. And we found that SESN2 expression
was significantly reduced at the protein and mRNA level
after lentivirus transfection (Figures 2A,B). The inhibition of
osteosarcoma cell proliferation upon SESN2 knockdown in cells
treated with chemotherapeutic drugs was measured by the CCK-
8 kit and colony formation assay (Figures 2C,E). Flow cytometry
confirmed that SESN2 knockdown increased the sensitivity of
osteosarcoma cells to chemotherapeutic agents and increased
their apoptosis rates compared with those of the control shRNA-
treated group (Figure 2D). After chemotherapy, the apoptotic
protein caspase 3 was significantly activated in the SESN2-
knockdown group, which was reversed by treatment with the
apoptotic inhibitor ZVAD-FMK (20 µmol/L) (Figure 2F).

Sestrin2-overexpressing osteosarcoma cells were constructed
using a lentiviral plasmid, and the increased expression was

FIGURE 1 | Chemotherapeutic agents increased the expression of SESN2 in osteosarcoma cells (A,B). After treatment with Cis (20 µmol/L), Dox (0.2 µg/mL) or Mtx
(50 µmol/L), the expression level of SESN2 in osteosarcoma cells was detected by western blot (A) (n = 3), and the SESN2 mRNA level was detected by quantitative
real-time PCR (B) (n = 3). Western blotting was used to detect SESN2 expression in MG-63, HOS, and 143B cells after Cis (20 µmol/L) treatment for 24 to 72 h (C)
(n = 3). The data are presented as the mean ± SD. *p < 0.05 vs. the – group.
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FIGURE 2 | SESN2 confers drug resistance to target cells by reducing their sensitivity to chemotherapeutic agents. MG-63 and HOS cells were transfected with
control shRNA or SESN2 shRNA, and the knockdown effect was detected by western blot (n = 3) and quantitative real-time PCR (n = 3) (A,B). MG-63 and HOS
cells with SESN2 knockdown were treated with Cis (20 µmol/L), Dox (0.2 µg/mL), or Mtx (50 µmol/L) for 24, 48, and 72 h. Cell activity was detected by CCK-8 (C)
(n = 3). After treatment for 24 h, apoptotic cells were detected by flow cytometry (D) (n = 3). SESN2 knockdown significantly reduced the number of colony-forming
MG-63 cells (E) (n = 3). After MG-63 cells were treated with Cis (20 µmol/L), Dox (0.2 µg/mL) or Mtx (50 µmol/L) for 24 h, the apoptosis of cells transfected with
control shRNA or SESN2 shRNA and cultured in the presence or absence of ZVAD-FMK (20 µmol/L) was detected using the Caspase 3 kit (F) (n = 3). The data are
presented as the mean ± SD. *p < 0.05 vs. the Control shRNA group. The expression of SESN2 after transfection of a plasmid carrying the SESN2 gene was
evaluated by western blot (G) (n = 3). MG-63 and HOS cells overexpressing SESN2 as well as their corredsponding control cells were treated with Cis (20 µmol/L),
Dox (0.2 µg/mL), or Mtx (50 µmol/L). Cell viability and apoptosis were detected by CCK-8 (H) (n = 3) and flow cytometry (I) (n = 3), respectively. SESN2 increases
the number of colony-forming units of HOS cells (J) (n = 3). Cleaved and total PARP in SESN2-overexpressing and control HOS cells were analysed by western blot
(K) (n = 3). The data are presented as the mean ± SD. *p < 0.05 vs. the pHBLV control group.
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FIGURE 3 | Knockdown of SESN2 resulted in inhibited autophagy and increased apoptosis of osteosarcoma cells treated with chemotherapy. After treatment with
Cis (20 µmol/L), Dox (0.2 µg/mL), or Mtx (50 µmol/L) for 24 h, SESN2-knockdown and control cells were subjected to western blot to detect the expression of
cleaved and total PARP, LC3, and P62 expression levels (A) (n = 3). SESN2-knockdown HOS cells were treated with Cis (20 µmol/L) for 24 h with or without
rapamycin (100 nmol/L) for 6 h. Proliferation was analysed by CCK-8 assay (B) (n = 3), apoptosis was assessed by Annexin V-PE/PI staining (C) (n = 3), and LC3
puncta formation was analysed by immunofluorescence (E) (n = 3, scale bar = 20 µm). Intracellular autophagosomes were observed by TEM (D) (n = 3, scale
bar = 2 µm), and autophagic flux was monitored by fluorescence microscopy in HOS cells with transient expression of GFP-RFP-LC3 in HOS cells (F) (n = 3, scale
bar = 10 µm). The data are presented as the mean ± SD. *p < 0.05 vs. the Control shRNA group.
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FIGURE 4 | SESN2 regulates autophagy and reduces the sensitivity of osteosarcoma cells to chemotherapy. In the presence or absence of 3-MA (5 mM),
SESN2-overexpressing and control HOS cells were treated with Dox (0.2 µg/mL) for 24 h, and apoptosis was analysed by flow cytometry (A) (n = 3). After treatment
with Cis (20 µmol/L) or Dox (0.2 µg/mL), the expression levels of LC3 and P62 in SESN2-overexpressing and control HOS cells were detected by western blot (B)
(n = 3). The expression levels of LC3 and P62 in SESN2-overexpressing and control HOS cells treated with 3-MA (5 mM) were detected by western blot (C) (n = 3).
In the presence or absence of 3-MA (5 mM), SESN2-overexpressing and control HOS cells were treated with Dox (0.2 µg/mL) for 24 h, cell activity was detected by

(Continued)
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FIGURE 4 | (Continued)
CCK-8 (D) (n = 3), intracellular autophagosomes were observed by TEM (E) (n = 3, scale bar = 2 µm), and intracellular LC3 puncta formation was analysed by
immunofluorescence (F) (n = 3, scale bar = 20 µm). After treatment with Cis (20 µmol/L) or Dox (0.2 µg/mL), autophagosome formation in HOS cells with ectopic
SESN2 expression was monitored by immunofluorescence through transfection with RFP-GFP-LC3 lentivirus after upregulating SESN2 (G) (n = 3, scale
bar = 10 µm). The data are presented as the mean ± SD. *p < 0.05 vs. the pHBLV control group.

detected by western blot (Figure 2G). Cell proliferation curves
showed that after chemotherapy treatment, compared to the
control cells, cells in the SESN2 overexpression group proliferated
faster and showed reduced sensitivity to chemotherapy drugs
(Figures 2H,J). Increased SESN2 expression reduced apoptosis
in MG-63 cells and HOS cells, as indicated by the decrease in
the number of Annexin V-PE-positive cells (Figure 2I). Similarly,
western blot analysis showed that cleaved PARP expression was
lower in the SESN2 overexpression group than in the control
group, suggesting that SESN2 exerts an antiapoptotic effect
(Figure 2K). These results indicate that SESN2 reduces the
sensitivity of osteosarcoma cells to chemotherapeutic agents by
reducing the apoptosis of osteosarcoma cells and thus leads to
drug resistance.

Sestrin2 Reduces the Sensitivity of
Osteosarcoma Cells to Chemotherapies
by Promoting Autophagy
Previous reports have described the relationship between
autophagy and apoptosis. Some studies have shown that
autophagy protects cells under stress conditions, but others
have proposed the opposite view: that autophagy can promote
apoptosis. After treatment with Cis (20 µmol/L) and Dox
(0.2 µg/mL), LC3 expression was significantly decreased in
the SESN2 knockdown group compared to the control group,
whereas P62 expression showed an upward trend. Cleaved
PARP expression, which reflects the level of apoptosis, was
increased upon knockdown of SESN2 (Figure 3A). Cell viability
assays showed that the decrease in the cell proliferation rate
induced by SESN2 knockdown after Cis (20 µmol/L) and Dox
(0.2 µg/mL) treatment was reversed by treatment with the
autophagy inducer rapamycin (100 nmol/L) (Figure 3B). The
flow cytometry results showed that the number of Annexin
V-PE-positive cells was increased by SESN2 knockdown after
treatment with Cis (20 µmol/L) and Dox (0.2 µg/mL); this
effect was reversed by rapamycin (100 nmol/L) (Figure 3C).
Ultrastructural analysis of autophagosomes using TEM also
showed that the number of intracellular autophagosomes
increased significantly after SESN2 knockdown (Figure 3D).
Similarly, autophagy flow was blocked in shRNA-transfected
cells after chemotherapeutic drug treatment compared with
control cells treated with the same drug (Figure 3F). As the
immunofluorescence results show in Figure 3E, we observed
that after chemotherapy treatment, knocking down SESN2
significantly reduced the recruitment of LC3 to the autophagy
membrane even after treatment with rapamycin (100 nmol/L).
These results suggest that SESN2 plays an important role
in the inhibition of apoptosis by regulating autophagy after
chemotherapeutic treatment.

Annexin V-PE staining revealed that the apoptosis of
SESN2-overexpressing osteosarcoma cells treated with Dox
(0.2 µg/mL) and 3-MA (3-methyladenine, 5 mM) was
significantly higher than that in cells treated with Dox
(0.2 µg/mL) alone and was close to the apoptosis of the
control cells (Figure 4A). Western blot analysis showed
that LC3 accumulation was significantly increased in
SESN2-overexpressing cells treated with Cis (20 µmol/L)
and Dox (0.2 µg/mL) (Figure 4B). In addition, we treated
HOS cells transduced with control or SESN2-overexpressing
pHBLV with 3-MA (5 mM) and found that autophagy
enhancement due to SESN2 overexpression was inhibited
by 3-MA (5 mM) (Figure 4C). To investigate the role of
SESN2 in autophagy-mediated apoptosis, we treated SESN2-
overexpressing and control cells with 3-MA (5 mM) and
chemotherapeutic agents and observed that apoptosis of the
SESN2-overexpressing HOS cells was increased and that
the protective effect of SESN2 on osteosarcoma cells was
decreased after 3-MA (5 mM) treatment (Figure 4D). The
submicroscopic structure of autophagosomes was observed
by TEM. The results indicated that the number and size of
autophagosomes in the SESN2 overexpression group were
significantly increased after Dox (0.2 µg/mL) treatment, but
this chemotherapy-induced autophagy was inhibited by 3-MA
(5 mM) (Figure 4E). The same results were confirmed by
immunofluorescence, which showed that the accumulation
of LC3 in HOS cells induced by chemotherapeutic drugs
in the SESN2 overexpression group was inhibited by 3-MA
(5 mM) (Figure 4F). In addition, we observed autophagic flux
through mRFP-GFP-LC3 adenovirus transfection and found
that the SESN2-mediated autophagic flux of HOS cells was
significantly enhanced after treatment with Cis (20 µmol/L)
and Dox (0.2 µg/mL) (Figure 4G). These experimental results
indicate that SESN2-mediated autophagy reduces the sensitivity
of osteosarcoma cells to chemotherapy drugs, leading to the
occurrence of drug resistance.

Sestrin2 Promotes Autophagy and
Inhibits Apoptosis of Osteosarcoma
Cells Through Endoplasmic Reticulum
Stress
We have previously shown that Cis (20 µmol/L), Dox
(0.2 µg/mL), and Mtx (50 µmol/L) inhibit the growth of
human osteosarcoma cells, but the underlying mechanisms
have not been investigated. In addition, electron microscopy
revealed that these three chemotherapeutic agents induced
osteosarcoma cell vacuolation (Figure 5A). Compared
with cells in the control group, HOS cells in the SESN2
knockdown group were more exposed to expanded cytoplasmic
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FIGURE 5 | SESN2 promotes autophagy and inhibits apoptosis through endoplasmic reticulum (ER) stress. After cells were treated with Cis (20 µmol/L), Dox
(0.2 µg/mL), or Mtx (50 µmol/L) for 24 h, ER stress in SESN2-knockdown HOS cells was observed by TEM (A) (n = 3, scale bar = 2 µm). After cells were treated
with Cis (20 µmol/L) and Dox (0.2 µg/mL) for 24 h, intracellular calcium in SESN2-knockdown and control HOS cells was monitored by flow cytometry (B) (n = 3).
The protein expression levels of genes involved in apoptosis-, autophagy- and ER stress-related pathways in HOS cells with upregulated and downregulated SESN2
expression were detected by western blot (C,D) (n = 3). Twenty-four hours after Dox (0.2 µg/mL) treatment, the LC3 puncta in HOS cells from the
SESN2-knockdown group and the control group were detected by immunofluorescence, and apoptosis was analysed by flow cytometry in the presence and
absence of 4-PBA (5 mM) (E,F) (n = 3, scale bar = 20 µm). The data are presented as the mean ± SD. *p < 0.05 vs. the Control shRNA group.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 September 2021 | Volume 9 | Article 722960

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-722960 October 5, 2022 Time: 12:42 # 10

Tang et al. Autophagy Contributes to Drug Resistance

vacuolation groups after chemotherapeutic treatment. The
expansion of cytoplasmic vacuolation is considered to
be an expanded endoplasmic cavity, indicating increased
endoplasmic stress. To further explain this phenomenon,
we evaluated chemotherapy-treated HOS cells using flow
cytometry. Calcium homeostasis is an important function
of the ER, and calcium dysregulation leads to ER stress. In
this study, Fura-Red-AM was used to indicate cytoplasmic
calcium. The results showed that the cytoplasmic calcium
level was significantly increased in the chemotherapy-treated
HOS cells, and the Ca2+ content in the SESN2-knockdown
group was significantly higher than that in the control group
(Figure 5B). We further demonstrated that the ER stress
pathway PERK-eIF2α-CHOP was significantly activated
by chemotherapy treatment, and western blot results also
demonstrated that low SESN2 expression led to activation
of PERK-eIF2α-CHOP. Moreover, upregulated SESN2
expression decreased the expression of ER stress-related
proteins in osteosarcoma cells treated with chemotherapy
drugs (Figures 5C,D). These interesting findings strongly
suggest that chemotherapeutic agents can induce ER stress
in human osteosarcoma cell lines. To investigate whether
osteosarcoma cells inhibit apoptosis by regulating ER stress
to promote autophagy, we treated osteosarcoma cells with
chemotherapeutic agents and showed that these treated cells
had significant LC3 accumulation compared with that in
cells with SESN2 knockdown, and this gap was reduced by
5mM of 4-phenylbutyric acid (4-PBA) (Sigma Aldrich, St.
Louis, Missouri, United States) (Figure 5E). We then used
flow cytometry to investigate the relationship between ER
stress and apoptosis and found that 4-PBA (5 mM) reduced
chemotherapy-induced apoptosis in osteosarcoma cells with
SESN2 knockdown (Figure 5F).

Mouse Xenograft Models Demonstrate
That Inhibition of Sestrin2 Reduces
Autophagy to Increase Apoptosis and
Thus Increases the Sensitivity of
Osteosarcoma to Chemotherapeutic
Agents
To investigate the relationship between SESN2 and
chemotherapeutic sensitivity and the potential mechanism
in vivo, 143B cells transfected with SESN2 shRNA or control
shRNA were subcutaneously injected into NU/NU nude mice,
and tumour growth was observed periodically. The nude
mice were intraperitoneally injected with chemotherapeutic
agents twice every seven days, starting from day 8 until day
28. And tumour size was measured every 3 days until day
28. We found that SESN2 knockdown significantly slowed
tumour growth in response to chemotherapeutic agents
(Figure 6A); the tumour volume and weight are significantly
decreased in the SESN2 shRNA + Cis group compared with
those in the control shRNA + Cis group (Figures 6B,C).
TUNEL staining showed that SESN2 knockdown induced
more apoptosis in osteosarcoma cells after chemotherapy

treatment compared to that in control cells subjected
to chemotherapy treatment (Figure 6D). We also found
that compared to control cells, SESN2-knockdown cells
exhibited decreased autophagy and activated ER stress in
the presence of chemotherapeutic agents (Figure 6D). These
results also confirm that SESN2 regulates osteosarcoma
cell apoptosis through autophagy, thereby mediating their
drug resistance.

DISCUSSION

Osteosarcoma is a malignant tumour with a very high mortality
rate in adolescents, and available effective treatments are
very limited. Neoadjuvant chemotherapy can prolong the
survival of patients, but the resistance of osteosarcoma to
chemotherapy drugs is still a major problem today (Li and
Ma, 2021; Su et al., 2021). Cis, Dox, and Mtx are the current
routine chemotherapy drugs for osteosarcoma in clinical
practice, and the decreased sensitivity of osteosarcoma to
these drugs leads to the occurrence of drug resistance, which
is the main challenge to improve the overall survival of
patients (Wang Y. et al., 2018; Xiao et al., 2018; Chen R.
et al., 2019). In this paper, the occurrence of drug resistance
in osteosarcoma treated with Cis, Dox, and Mtx aroused our
interest in the potential molecular mechanism. Autophagy
is one of many mechanisms involved in the development
of drug resistance in tumours and is widely considered a
cellular response under stress conditions. However, it has
two sides—autophagy can protect cells from apoptosis caused
by external stress conditions, but excessive autophagy can
induce cell death. In a study of the mechanism of drug
resistance in osteosarcoma, we found that chemotherapy
drug treatment stimulated autophagy to protect cells
and reduce apoptosis, thus leading to drug resistance
(Niu et al., 2019).

Sestrin2 has been identified as a protein that induces
DNA damage and oxidative stress by inhibiting mammalian
targets of rapamycin complex 1 while accelerating autophagy
(Wang et al., 2017; Jeong et al., 2019). It has been reported
that SESN2 can cooperate with P62 to promote autophagy-
driven degradation (Hua et al., 2018). We found an association
between SESN2 and autophagy pathways and observed that
SESN2 inhibited the ER stress signalling pathway PERK-
eIF2α-CHOP following treatment with chemotherapy,
thereby upregulating autophagy in osteosarcoma cells,
which was accompanied by a slight decrease in P62.
Consistent with these findings, we provided a schematic
diagram of signalling axis regulation that plays a role in
chemotherapy drugs-induced SESN2-dependent apoptosis in
osteosarcoma cells.

It has been reported that many antineoplastic drugs
activate various mechanisms of cell death and regulate ER
homeostasis by inducing undeveloped protein response (UPR)-
mediated ER stress in cancer cells (Chiu et al., 2015;
Cheng et al., 2018). Endoplasmic reticulum homeostasis
is regulated by the maintenance of intracellular calcium
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FIGURE 6 | Suppression of SESN2 increases sensitivity to chemotherapy in vivo. NU/NU nude mice were subcutaneously injected with SESN2-knockdown or
control 143B cells. After 7 days, the mice were intraperitoneally injected with Cis (20 µmol/L) until they were killed on day 28. Tumour volume was measured on day
28 (A) (n = 3). Tumour growth curves were measured from days 7 to 28 (B) (n = 3). Tumour weight was measured on day 28 (C) (n = 3). Immunofluorescence
staining of TUNEL, SESN2 expression, LC3 expression, P62 expression, p-mTOR expression, Bcl-2 expression, PERK expression, CHOP expression and p-eIF2α

expression after tumour sample injection (D) (n = 3, scale bar = 50 µm). The data are presented as the mean ± SD. *p < 0.05 vs. the Control shRNA + Cis group.

balance (Cheng et al., 2018). Depending on the severity
of stress, cancer cells decide to resume protein unfolding
or activate the cell death mechanism through autophagy or
apoptosis. ER stress is a double-edged sword that plays an
important role in regulating the pro-death or pro-survival
signals of solid tumour cells (White-Gilbertson et al., 2013).
In this paper, we found that failure to resolve ER stress
activates two interrelated biological processes: autophagy and
apoptosis. Inhibition of endoplasmic reticulum stress in the
presence of chemotherapeutic agents reduced PERK-mediated
phosphorylation of eIF2α, thus further inhibiting the activation
of CHOP related transcription factors. On the one hand,
this leaded to the occurrence of autophagy, which degraded
the accumulation of misfolded proteins, played a protective
role in osteosarcoma cells and reduced the apoptosis of
osteosarcoma cells. This process is accompanied by an increase
in mTOR phosphorylation. On the other hand, the inhibition of
endoplasmic reticulum stress accompanied by the increase of Bcl-
2 lead to the inhibition of osteosarcoma cell apoptosis. Therefore,
we found that the mechanism of drug resistance in osteosarcoma
cells is bidirectional.

Consistent with recent data, the present study exerts
synergistic antitumour effects by activating ER stress-
mediated autophagy and apoptosis. Subsequent analysis

showed that chemotherapy treatment of SESN2-knockdown
osteosarcoma cells not only caused intracytoplasmic calcium
accumulation and ER swelling and vacuolisation but also
enhanced PERK-mediated phosphorylation of eIF2α (Liu
et al., 2019). Through observation, we found that SESN2
leads to a decrease in p-mTOR protein levels by reducing
CHOP expression, which may be related to chemotherapy-
mediated autophagy. This suggestion was further substantiated
by the data, revealing that autophagy is associated with
dysregulated response to ER stress. The correlation between
the expression of mTOR and SESN2 was determined by
SESN2 knockout. We found that low SESN2 expression led to
upregulation of p-mTOR expression, autophagy inactivation
and downregulation of Bcl-2. We suggest that chemotherapeutic
agents induce autophagy in a SESN2-dependent manner
by downregulating mTOR phosphorylation, which further
promotes the inhibition of chemotherapeutic drug-induced
apoptosis of osteosarcoma cells. The ER stress inhibitor
4-PBA reduced the apoptosis of osteosarcoma cells after
chemotherapeutic treatment to reduce the sensitivity of
osteosarcoma cells to chemotherapy drugs. In addition,
treatment with 4-PBA showed that chemotherapy-induced
autophagy and apoptosis operated via the PERK-eIF2α-CHOP
axis of the ER stress response.
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FIGURE 7 | Mechanistic model depicting the effects of SESN2 on the drug resistance of osteosarcoma. After chemotherapy drugs are applied to osteosarcoma
cells, SESN2 expression is increased, and the phosphorylation of eIF2α by PERK during ER stress is inhibited. Finally, the expression of CHOP is suppressed, and
apoptosis and autophagy are regulated by Bcl-2 and mTOR, respectively, thus causing drug resistance in osteosarcoma cells.

CONCLUSION

In summary, our data show that SESN2 expression
in osteosarcoma cell lines is increased in response to
chemotherapeutic agents. SESN2 regulated autophagy and
reduced apoptosis via the PERK-eIF2α-CHOP signalling
pathway of ER stress and eventually led to drug resistance.
In addition, knockdown of SESN2 decreased autophagy and
increased apoptosis, which corresponds to increased sensitivity
of osteosarcoma cells to chemotherapeutic agents (Figure 7).
Therefore, our results suggest that SESN2 is a novel therapeutic
target for drug resistance in osteosarcoma.
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Supplementary Figure 1 | After MG-63 cells were treated with Cis (20 µmol/L),
Dox (0.2 µg/mL) or Mtx (50 µmol/L) for 24 h, the apoptosis of cells transfected
with pHBLV control or pHBLV sestrin2 and cultured in the presence or absence of
ZVAD-FMK (20 µmol/L) was detected using the Caspase 3 kit (F) (n = 3).

Supplementary Figure 2 | After MG-63 cells were treated with Cis (20 µmol/L),
Dox (0.2 µg/mL) or Mtx (50 µmol/L) for 24 h, the expression of Cleaved-Caspase

3 transfected with pHBLV control or pHBLV sestrin2 and sestrin2 shRNA or
control shRNA, and cultured in the presence or absence of ZVAD-FMK
(20 µmol/L) was detected by western blot (F) (n = 3).

Supplementary Figure 3 | MG-63 and HOS cells were transfected with pHBLV
control or pHBLV sestrin2, and the transfection effect was detected by
quantitative real-time PCR (n = 3).

Supplementary Figure 4 | SESN2-knockdown HOS cells were treated with Cis
(20 µmol/L) for 24 h with or without rapamycin (100 nmol/L) for 6 h. Proliferation
was analysed by CCK-8 assay (n = 3).

Supplementary Figure 5 | The red arrows are autophagosomes in Figures 3D,
4E, 5A.
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