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Abstract
Serum orosomucoid1-like protein 3 (ORMDL3) is a membrane protein in the endoplasmic reticulum, known to regulate many 
important signal transduction processes and autophagy regulation, but it is unclear whether it is involved in the intratumoral 
microenvironment and cancer drug resistance. Our present study found that silencing ORMDL3 increases the inhibitory effect 
of sorafenib on the viability and proliferation in HCC cells, and increases the sensitivity of HCC cells to sorafenib. In addi-
tion, silencing ORMDL3 can increase ROS levels by inhibiting autophagy, thereby increasing sorafenib-induced apoptosis 
of HCC cells. Further, our study also found that ORMDL3 silencing inhibits autophagy through the PERK-ATF4-Beclin1 
pathway, thus affecting sorafenib sensitivity. The in vivo effects of sorafenib were tested by xenografting using nude mice. It 
showed that silencing ORMDL3 in HCC cells could increase the inhibitory effect of sorafenib on the growth of tumors. This 
is the first report to describe the relationships among ORMDL3, autophagy, and sorafenib resistance. This study provides 
available targets that might have a synergetic effect with sorafenib.
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Abbreviations
HCC  Hepatocellular carcinoma
ORMDL3  Serum orosomucoid1-like protein 3
ROS  Reactive oxygen species
PERK  Double-stranded RNA-dependent protein 

kinase-like endoplasmic reticulum kinase
ATF4  Activated transcription factor 4
ATF6  Activated transcription factor 6
NRF2  Nuclear factor erythroid-2 related factor 2
ER  Endoplasmic reticulum
UPR  Unfolded protein response
SPT  Serine palmitoyltransferase
ERS  Endoplasmic reticulum stress
qRT-PCR  Quantificational real-time polymerase chain 

reaction
CQ  Chloroquine diphosphate salt
Rap  Rapamycin
NAC  N-Acetyl-L-cysteine

eIF2α  Eukaryotic initiation factor 2
HE  Hematoxylin–eosin
ADSCs  Adipose tissue-derived stem cells

Introduction

Hepatocellular carcinoma (HCC) accounts for 75 to 85% 
of primary liver cancer and is the sixth most common 
malignancy worldwide and the fourth leading cause of 
cancer death worldwide [1]. Since this disease is usually 
diagnosed at an advanced stage, its prognosis remains 
unsatisfactory. Currently, the multi-kinase inhibitor, 
sorafenib, is one of the few drugs approved for the treat-
ment of advanced HCC [2, 3]. However, experimental 
studies have shown that the median survival time of HCC 
patients treated with sorafenib was only 2 to 3 months 
longer than that of the placebo group because HCC cells 
develop resistance to sorafenib under the influence of 
various factors, thus affecting the efficacy [4, 5]. Stud-
ies have shown that genetic heterogeneity of HCC, tumor 
microenvironment, changes in PI3K/AKT pathway, epi-
thelial–mesenchymal transition (EMT), autophagy activa-
tion, and other factors can affect the resistance of HCC 
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cells to sorafenib [6, 7]. Therefore, studying the underlying 
mechanism of sorafenib resistance and providing a new 
method for combination therapy of advanced HCC is still 
a great challenge.

In oncology, autophagy is considered to be a double-
edged sword: on one hand, it is an environment-dependent 
tumor inhibition mechanism, on the other hand, it can also 
promote the survival of tumor cells under stress and drug 
resistance conditions [8–10]. There are many studies on the 
inhibition of autophagy enhancing the antitumor effect of 
the multi-kinase inhibitor, sorafenib, in HCC, and further 
studies have shown that autophagy inhibition enhances the 
lethality of sorafenib, mainly through endoplasmic reticu-
lum stress (ERS)-related apoptosis [11–13]. Moreover, the 
reactive oxygen species (ROS) level of HCC cells treated 
with sorafenib reaches a high level, resulting in apoptosis 
and necrosis of HCC cells. However, the higher antioxidant 
capacity of HCC cells than normal cells can reduce ROS-
induced cell death [14]. Taken together, these studies sug-
gest that targeting autophagy is an effective strategy for the 
treatment of liver cancer and provides the basis for future 
clinical trials to explore this combination therapy in the 
treatment of tumors.

ORMDL3 gene is located in the q2 region of chromo-
some 17 and is a susceptibility gene for asthma [15, 16]. 
ORMDL3 protein is an endoplasmic reticulum (ER) mem-
brane protein, which plays an important role in oxida-
tive stress, inflammation, ERS, unfolded protein response 
(UPR), and sphingolipid metabolism [17, 18]. ORMDL3 
can inhibit the rate-limiting enzyme of sphingolipid biosyn-
thetic, serine palmitoyltransferase (SPT), thus, regulating the 
metabolism of sphingolipids from the source [19]. Cancer 
cells can further support their proliferation, metastasis, and 
resistance to chemotherapeutics by down-regulating pro-
cell death sphingolipids like ceramide [20]. Previous stud-
ies showed that ORMDL3 knockdown markedly increased 
the ceramide precursors in HepG2 hepatocarcinoma cells. 
Moreover, in the irritant-induced sterile inflammation mice 
model, ORMDL protein expression was obviously down 
regulated with increasing ceramide levels in vivo [21]. How-
ever, the relationship between ORMDL3 and cancer needs 
more exploration. Studies have shown that the ORMDL3 
gene is also involved in the regulation of autophagy. For 
example, ORMDL3 can act as a negative regulator of 
antigen-mediated mast cell activation through the ATF6-
UPR autophagy-dependent pathway [22]. HCC cells may 
resist various stimuli caused by sorafenib treatment through 
autophagy, maintain cell homeostasis, and avoid death. In 
this study, the regulation of ORMDL3 gene expression that 
might affect the sensitivity of HCC cells to sorafenib treat-
ment was first examined, and the particular mechanism of 
inhibiting autophagy through the PERK-ATF4-Beclin1 path-
way was elucidated.

Material and methods

Reagents and antibodies

Primary antibodies applied in this study include antibod-
ies against ORMDL3 (Abcam, UK, ab211522), Bax, Bcl-2, 
PARP, Caspase-3, Caspase-9, P62, Beclin1 (Proteintech-
Group, Wuhan, China, 50599-2, 12789-1, 1337-1, 19677-
1, 10380-1, 66184-1, 11306-1), LC3B (Novus-Biologicals, 
USA, NB100-2220), ATF4 (Cell Signaling Technology, 
D4B8, Danvers, USA), PERK, Phospho-PERK (Bioworld 
Technology, Shanghai, China, BS2156, BS66100), Goat 
anti-Rabbit IgG-HRP H&L, Goat anti-Mouse IgG-HRP 
H&L (Bioworld Technology, Shanghai, China, BS13279, 
BS12478), Alexa Fluor®488 Goat Anti-Rabbit IgG H&L, 
Alexa Fluor®488 Goat Anti Mouse IgG H&L(Abcam, UK, 
ab150077, ab150113). 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT), BCA Protein Assay Kit, 
BeyoECL Plus, DAPI Staining Solution, Apoptosis and 
necrosis Assay Kit, Annexin V-FITC/PI Apoptosis Detection 
Kit, Reactive Oxygen Species Assay Kit, and ATP detection 
Kit were purchased from Biyuntian Institute of Biotechnol-
ogy (Nanjing, China). MitoSOX Red Mitochondrial Super-
oxide Indicator was purchased from ThermoFisher Scientific 
(Shanghai, China).

Cell culture and transfection

HepG2, SMMC-7721 hepatoma cell lines, and normal 
human HL-7702 liver cell lines were purchased from the 
Shanghai Cell Bank (Chinese Academy of Sciences, Shang-
hai, China). The SMMC-7721 cell line was used in most of 
the experiments, and short tandem repeat (STR) analysis was 
performed on the cell line to determine its origin from HCC. 
Cells were grown in Roswell Park Memorial Institute-1640 
medium containing 10% fetal bovine serum (FBS, Gibco, 
MD, USA), 100 U/mL penicillin G, and 100 μg/mL strep-
tomycin, and incubated at 37 °C in a humidified incubator 
containing 5%  CO2.

siRNA and plasmid transfections

The lentiviruses with scrambled shRNA against ORMDL3 
(Lv-shORMDL3) and the shRNA control (Lv-shCon) 
were constructed in GV248 (Genechem, Shanghai, China). 
The ORMDL3 overexpressed plasmid was constructed in 
GV362, with pcDNA3.1-CMV-GFP plasmid as the back-
bone (Genechem, Shanghai, China) [23]. SMMC-7721 cells 
were plated and grown in 6-well plates before transfection 
at approximately 60% confluence. According to the manu-
facturer's protocol, the cells were transfected with siRNA 
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targeting ORMDL3, and the overexpressed cells were trans-
fected with a plasmid encapsulated with Lipofectamine® 
2000. After culturing for 48 h, the transfected cells were 
screened with puromycin (4 μg/mL) for 2 weeks to form a 
stable transduction reagent pool. The transfected cells were 
used for subsequent experiments.

Cell viability assay

SMMC-7721 cells were treated with trypsin, counted, and 
then plated in a 96-well plate at 10,000 cells/well. After 24 h 
of treatment with sorafenib at 4 μM, 20 μL of MTT was 
added to each sample, and the plate was placed in the incu-
bator for another 4 h. Next, the supernatant was discarded, 
120 μL of DMSO was added to each well, and the plate 
was shaken for 10 min in the dark to sufficiently dissolve 
the formazan crystals. Then, the absorbance at 490 nm was 
measured with SpectraMax 190 (Molecular Devices, USA). 
Three independent experiments were performed and the data 
were statistically analyzed.

Total RNA isolation and quantitative real‑time PCR

Total RNA was isolated using Trizol RNA extraction rea-
gent (Life Technologies, Grand Island, NY) and reverse tran-
scribed into cDNA using Superscript III first chain synthesis 
system (Invitrogen, China). SYBR Green PCR Master Mix 
(Vazyme, China) was used to prepare the PCR reaction mix-
ture. The primers were used for qRT-PCR as follows:

Forward, 5'-AAC ACG CGG GTG A TGA ACA G-3',
Reverse, 5'-AGG GAC ACT CAC AAA CGG GA-3' for 

human ORMDL3 gene;
Forward, 5'-GGA GCG AGA TCC CTC CAAAA T-3',
Reverse, 5'-GGC TGT TGTCA TAC TTC TCA TGG-3' for 

human GAPDH gene.
The QuantStudio-Q3 Detection System (ABI, Singapore) 

performed a thermal cycle at 42 °C for 2 min, then at 95 °C 
for 15 s, 60 °C for 60 s, 95 °C for 1 s with 40 cycles of 
amplification. Relative expression was evaluated using the 
competitive critical threshold (ΔΔCt) method using GAPDH 
as the reference gene. Three independent experiments were 
performed.

Western blot

SMMC-7721 hepatoma cells were lysed on ice for 15 min 
and then collected into a centrifuge tube and centrifuged 
(12,000 rpm, 4 °C) for 15 min. The protein content of the 
supernatant was determined by BCA. Purified protein sam-
ples were incubated with 4× loading buffer and heated at 
95 °C for 10 min. Protein samples from each group were 
isolated by SDS-PAGE and transferred to PVDF membranes 
under constant electric current (Amersham hybond-P, GE 

Healthcare, Buckinghamshire, UK). The membrane was 
sealed with 5% skim milk for 90 min and then incubated 
overnight with the primary antibody at 4 °C, followed by 
incubation with secondary antibodies for 1 h and visual-
ized with an ECL Plus Western Blotting Detection System 
(GE Healthcare). Films were scanned or photographed and 
molecular weights and net light density of target bands were 
analyzed using a gel image processing system (Image lab). 
Each experiment was repeated independently more than 
three times, and then quantitative analysis was performed.

Colony formation assay

SMMC-7721 cells were treated with trypsin, counted, and 
then plated in a 6-well plate at 1000 cells/well. After 24 h 
of treatment with sorafenib at 4 μM, the SMMC-7721 cells 
were cultured for 12 days and fixed with 4% paraformalde-
hyde for 30 min. After drying, 1 mL of crystal violet stain-
ing solution (Biyuntian Institute of Biotechnology, Nanjing, 
China) was added, shaken evenly, dyed for 5 min, air dried 
naturally, and then photos were taken. The colonies were 
counted and the clone formation rate of each group was 
compared. The experiment was repeated three times for sta-
tistical analysis.

Apoptosis assay

SMMC-7721 hepatoma cells were seeded into a 6-well 
plate with 200,000 cells per well. Apoptosis levels were 
detected using the PI/Hoechst double-staining kit. 1 mL of 
the prepared staining solution (PI staining solution:Hoechst 
staining solution:cell staining buffer = 5 μL:5 μL:1 mL) was 
added to each well, shaken well, wrapped with aluminum 
foil to avoid light, and incubated for 30 min at 4 °C. Then, 
the fluorescence was observed with an inverted fluorescence 
microscope (Nikon, Japan) and the image was collected. 
Each experiment was independently repeated three times.

Annexin V‑FITC/propidium iodide (PI) apoptosis 
assay

Annexin V-FITC and PI were detected by flow cytometry 
using two channels to determine the proportion of apoptotic 
cells. The drug-treated suspension and adherent cells were 
collected into a flow tube and incubated with 5 μL Annexin 
V-FITC and 10 μL PI in a dark room at room temperature 
for 15 min. Data were obtained using Beckman Cytoflex 
LX flow cytometry (Beckman Coulter, USA) and processed 
using CytExpert software (Beckman Coulter, USA). Each 
experiment was repeated three times independently, and the 
data were statistically analyzed.
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Measurement of intracellular reactive oxygen 
species

SMMC-7721 cells were seeded into a 6-well plate with 
200,000 cells per well. The fluorescent probe DCFH-
DA (dichlorodihydrofluorescein acetoacetate) was used 
to detect reactive oxygen species. The DCFH-DA was 
diluted in serum-free medium at 1:1000 and incubated at 
a final concentration of 10 mM/L, 37 °C, and 5%  CO2 for 
20 min. After treatment, data were obtained using Beck-
man Cytoflex LX flow cytometry (Beckman Coulter, USA) 
and processed using CytExpert software (Beckman Coul-
ter, USA). Each experiment was performed in triplicate.

Immunofluorescence

SMMC-7721 cells were uniformly seeded on sterile cover 
slips in 6-well culture plates for adherent growth. After 
the indicated treatment for a specified time, the cells were 
sequentially fixed in 4% paraformaldehyde and permea-
bilized with 0.5% Triton X-100, and then, the coverslips 
were immersed in 5% BSA at room temperature for 1 h. 
Subsequently, the pretreated samples were incubated with 
primary antibodies (dilution 1:100) overnight at 4 °C and 
then with goat anti-mouse/rabbit secondary antibody (dilu-
tion 1:100) in the dark for 2 h. Finally, following incuba-
tion with DAPI for nuclear staining. Confocal microscopy 
(Nikon, Japan) was used to observe cell fluorescence and 
image collection was carried out. Image J software was used 
to analyze cell fluorescence intensity. Five regions were ran-
domly selected from each sample for evaluation and each 
experiment was repeated independently for three times for 
statistical analysis.

Immunohistochemical analysis

The tissue sections were dewaxed, hydrated, and heated 
in 0.01 mol/L sodium citrate buffer for antigen extraction, 
and then incubated with 3% hydrogen peroxide to block 
endogenous peroxidase activity. The tissue microarray 
was then incubated with the specific primary antibody for 
1.5 h at room temperature or 4 °C overnight, followed 
by the corresponding secondary antibody and streptomy-
cin anti-biotin protein. Subsequently, DAB was used for 
color development, DAPI and hematoxylin were used for 
dyeing, alcohol was used for hydrating, and xylene was 
used for transparency. The plates were sealed with neutral 
resin. The stained tissue sections were observed with a 
forward microscope (Nikon, Japan), and the images were 
collected. Image Pro Plus 6 software was used to calculate 

the mean optical density (AOD) of the five regions of each 
sample for quantitative analysis.

In vivo experiment

Animal researches were carried out in compliance with the 
National Institutes of Health's Laboratory Animal Care and 
Use Guidelines, and approved by the Institutional Animal 
Care and Use Committee of Wenzhou Medical University 
(license no. wydw 2021–0619).

Male BALB/C-nu nude mice (6 weeks) (WeitongLihua 
Laboratory, Zhejiang, China) were used in the experiment. The 
mice were divided into the shControl group, shORMDL3 group, 
shControl + Sora group, and shORMDL3 + Sora group. At least, 
5 nude mice were randomly allocated to each group. Prepared 
SMMC-7721 cells of shControl or shORMDL3 (1 ×  106) were 
injected into the right axilla fossa of each mouse, respectively. 
Sorafenib (30 mg/kg) treatment or saline as control was initiated 
when tumor volumes reached 60–100  mm3 and delivered intra-
peritoneally every 2 days for 28 days [24]. Tumor size and body 
weight were measured every 2 days, and tumor volume was 
calculated according to the equation: volume  (cm3) = L ×  W2/2 
with L and W representing the largest and smallest diameters, 
respectively. On the 28th day, mice were euthanized by cervical 
dislocation, and then tumors were isolated from each mouse and 
prepared for subsequent experiments.

Statistical analysis

The statistical analyses were performed using GraphPad 
Prism 7 software. All results are expressed as the mean ± SD 
of at least three independent trials. Differences between the 
two groups were analyzed using Student’s t test. One-way 
ANOVA was used for multiple groups to assess significant 
differences between study groups. P < 0.05 was considered 
statistically significant.

Results

Increase in the sensitivity of liver cancer cells 
to sorafenib by silencing ORMDL3

First, Western Blot and RT-qPCR were used to detect the 
expression differences of ORMDL3 in human normal 
liver cells HL-7702 and human hepatoma cells HepG2 
and SMMC-7721 in the presence or absence of sorafenib 
(Fig. S1 A, B). The results showed that there was no sig-
nificant difference in ORMDL3 protein and mRNA expres-
sion levels. We detected the expression of ORMDL3 at 
protein and mRNA levels after transfection (Fig.  1A, 
B). After being treated with sorafenib (4 μM) for 24 h, 
the viability of HCC cells was detected by MTT assay, 
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and the cell inhibition rate was calculated. The results 
showed that cell viability was significantly inhibited after 
sorafenib treatment, and the liver cancer cell viability was 
lower in ORMDL3-silenced group, which is consistent 
with the higher cell inhibition rate in ORMDL3-silenced 
group (Fig. 1C). However, the cell viability of the over-
expressed ORMDL3 group was higher than that of the 
overexpressed control group, and the cell inhibition rate 
was lower than that of the overexpressed control group 
(Fig. 1D). The plate cloning-formation assay suggested 
that silencing ORMDL3 with sorafenib (4 μM) treatment 
significantly suppressed cell proliferation, but enhanced 
in overexpressed ORMDL3 group when compared with 
the control group (Fig. 1E, F). Taken together, these data 
showed that silencing ORMDL3 can increase the inhibi-
tory effect of sorafenib on the viability and proliferation 
of liver cancer cells, opening up new ideas for improving 
the sensitivity of sorafenib.

Increase in sorafenib‑induced apoptosis of HCC cells 
by silencing ORMDL3

Western Blot experiments were performed to detect the expres-
sion of hepatoma cell apoptosis-related proteins: Caspase9, 
Caspase3, PARP, Bax, and anti-apoptotic protein, Bcl-2. By 
using sorafenib (4 μM) treatment, as compared to the control 
group, Cleaved Caspase 9, Cleaved Caspase 3, and Cleaved 
PARP expressions were increased in ORMDL3-silenced HCC 
cells. The expression of apoptotic protein Bax increased and 
the expression of anti-apoptotic protein Bcl-2 decreased, indi-
cating that the apoptosis of HCC cells was enhanced (Fig. 2A, 
B). On the contrary, the apoptosis of HCC cells overexpressed 
with ORMDL3 was weakened (Fig. 2A, C). PI/Hoechst dou-
ble-staining kit was used to detect the effect of ORMDL3 
on the apoptosis and necrosis of HCC cells, and it showed 
that after sorafenib (4 μM) treatment, ORMDL3 silencing 

Fig. 1  Increase in the sensitivity of liver cancer cells to sorafenib by 
silencing ORMDL3. A, B Western Blot and RT-qPCR were used 
to detect the expression of ORMDL3 at protein and mRNA lev-
els in SMMC-7721 cells after ORMDL3 deletion or overexpression 
of ORMDL3. C, D MTT assay was used to detect the cell viability 
and inhibition rate of different groups of human hepatoma cell line 

SMMC-7721 with ORMDL3 silenced and ORMDL3 overexpres-
sion. E, F Clonal formation survival and statistical quantification of 
ORMDL3 silenced or overexpressing of ORMDL3 HCC cells with or 
without sorafenib. Statistical analysis was performed using one-way 
ANOVA. nsP > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001. The data 
are presented as the means ± SD (n = 3)
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increased the apoptosis and necrosis of HCC cells, while the 
overexpressed ORMDL3 showed the opposite effect (Fig. 2D, 
E). These data suggest that silencing ORMDL3 may increase 
the apoptosis of liver cancer cells induced by sorafenib.

Increase in the apoptosis of sorafenib‑induced HCC 
cells by silencing ORMDL3, by inhibiting autophagy

To show whether the ORMDL3 gene can affect the 
autophagy of liver cancer cells, Western Blot assay was 
used to detect the expression of autophagy-related pro-
teins: LC3, P62, and Beclin1. The results showed that 
the expression of autophagy markers LC3 and Beclin1 
in ORMDL3-silenced liver cancer cells was significantly 
decreased, while the expression of substrate recognition 
factor P62 was increased. With the treatment of 4 μM 
sorafenib, silencing ORMDL3 gene can further inhibit the 

autophagy induced by sorafenib in HCC cells (Fig. 3A, B). 
Consistent with the above results, using immunofluores-
cence to detect changes in LC3 levels, the results showed 
that silencing ORMDL3 can inhibit the autophagy level 
of liver cancer cells, and can also inhibit the autophagy 
induced by sorafenib in liver cancer cells (Fig. 3C, D). 
Chloroquine diphosphate salt (CQ) is an autophagy inhibi-
tor that inhibits autophagy degradation, resulting in a large 
accumulation of LC3 protein [25]. In the control group, 
LC3 protein accumulated and P62 expression decreased 
after CQ treatment. However, LC3 expression was not sig-
nificantly increased in ORMDL3-silenced group under the 
combined action of sorafenib and CQ (Fig. 3E, F). The 
results showed that silencing ORMDL3 inhibits autophagy 
formation from the very beginning, thus, the inhibition of 
autophagy degradation did not cause a great accumulation 
of LC3.

Fig. 2  Increase in sorafenib-induced apoptosis of HCC cells by 
silencing ORMDL3. A Western Blot was used to analyze the expres-
sion levels of Caspase 3, Caspase 9, PARP, Bax, and Bcl-2 in 
SMMC-7721 cells after ORMDL3 was silenced or overexpressed 
under the action of sorafenib. B, C Quantitative analysis of West-
ern Blot gray value. Statistical analysis was performed using one-
way ANOVA. **P < 0.01, ***P < 0.001. The data are presented as 

the means ± SD (n = 3). D, E Silenced and overexpressed ORMDL3 
hepatoma cells SMMC-7721 were treated with sorafenib (4  μM) 
for 24  h, and apoptosis and necrosis were detected. Representative 
images under ×100 inverted microscope after PI/Hoechst kit staining. 
Scale bar, 100  μM. Differences between the two groups were ana-
lyzed using Student’s t test. *P < 0.05. The data are presented as the 
means ± SD (n = 3)
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I t  was fur ther  explored whether  s i lencing 
ORMDL3 increases the apoptosis of HCC cells induced 
by sorafenib through inhibition of autophagy. The Annexin 
V-FITC/PI Apoptosis Kit was used to detect the apoptosis 
level of HCC cells by flow cytometry. The results showed 
that the apoptosis was significantly increased after sorafenib 
treatment, and the degree of apoptosis was more severe 
in ORMDL3 silencing group, whereas treatment with 
the autophagy activator, rapamycin (Rap), led to reduced 
apoptosis in ORMDL3 silencing group (Fig. 3G, H). The 
results of PI/Hoechst double-staining were consistent with 
flow cytometry. The apoptosis induced by sorafenib (red 
fluorescence) was enhanced in ORMDL3 silencing group; 
however, it was reversed by adding the autophagy activator, 
Rap (Fig. 3I). These results suggest that silencing ORMDL3 
can inhibit the formation of autophagy, thus inhibiting the 
autophagy of sorafenib-induced HCC cells. Moreover, fur-
ther findings show that silencing ORMDL3 can increase 
the apoptosis of sorafenib-induced HCC cells by inhibiting 
autophagy.

Inhibition of autophagy of liver cancer cells 
by silencing ORMDL3, resulting in increased ROS 
levels, thereby promoting ROS‑mediated apoptosis

In the above studies, it was found that silencing ORMDL3 
can inhibit the autophagy of liver cancer cells induced by 
sorafenib, and it is known that autophagy is closely related 
to oxidative stress, so, changes in the oxidative stress level 
of cells were detected after silencing ORMDL3. The results 
showed that under the action of sorafenib, the level of ROS 
in silenced ORMDL3 liver cancer cells was significantly 
higher than that of the control group (Fig. 4A), that is, 
silencing ORMDL3 can make the level of oxidative stress 
to increase in liver cancer cells. In combination with the 
autophagy activator, Rap, it was found that the ROS level in 
silenced ORMDL3 liver cancer cells was reduced (Fig. 4B), 
indicating that silencing ORMDL3 made the level of ROS 
in liver cancer cells to increase by inhibiting autophagy. For 
further research, MitoSOX Red Mitochondrial Superoxide 
Indicator was used to detect the mitochondrial superoxide 
level of ORMDL3-silenced hepatoma cells, and showed that 
mitochondrial superoxide levels were elevated in the pres-
ence of sorafenib compared with controls, and silencing of 
ORMDL3 resulted in higher levels of mitochondrial super-
oxide in hepatoma cells (Fig. S1 C, D). We used ATP kit to 
detect changes in mitochondrial energy of liver cancer cells, 
and the results showed that compared with the control group, 
the ATP level of cells was reduced under sorafenib treat-
ment, and the ATP level of liver cancer cells with silenced 
ORMDL3 was lower (Fig. S1 E).

Next, it was tested whether the increase in ROS levels 
caused by ORMDL3 silencing affected the apoptosis of liver 

cancer cells. The effect of ROS inhibitor N-Acetyl-l-cysteine 
(NAC) on reducing ROS levels (Fig. 4C) was first tested, and 
then, the apoptosis of liver cancer cells was tested through 
the MTT experiment, Western Blot, and Annex V-FITC / PI 
apoptosis kit. The results of MTT showed that liver cancer 
cells with silenced ORMDL3 had a significantly reduced 
viability when compared with the control group, and the 
cell viability increased after combining with the oxidative 
stress inhibitor NAC (Fig. 4D). The results of Western Blot 
showed that the expression of Cleaved Caspase 9, Cleaved 
Caspase 3, and Cleaved PARP in ORMDL3-silenced HCC 
cells was increased, the expression of apoptotic protein Bax 
was increased, and the expression of anti-apoptotic protein 
Bcl-2 was decreased (Fig. 4E, F). When combined with 
the oxidative stress inhibitor, NAC, the expression levels 
of these apoptotic proteins were reversed. Apoptosis levels 
were measured by flow cytometry with the Annex V-FITC/
PI Apoptosis Kit, and the results were consistent with those 
described above. Apoptosis levels were reversed after the 
use of the oxidative stress inhibitor NAC (Fig. 4G, H). In 
summary, these experimental results indicate that silencing 
ORMDL3 can increase ROS-mediated apoptosis of liver 
cancer cells by inhibiting autophagy.

Inhibition of autophagy 
through the PERK‑ATF4‑Beclin1 pathway 
by silencing ORMDL3

Inhibition of the PERK-ATF4 pathway may further reduce 
the expression of Beclin1, an important protein involved in 
autophagy, thus, increasing the sensitivity of sorafenib to 
HCC cells by inhibiting autophagy [26]. Therefore, it was 
investigated whether silencing ORMDL3 can also affect 
the PERK-ATF4 pathway to inhibit autophagy and increase 
sorafenib sensitivity to HCC cells. Western Blot analysis of 
the expression of PERK, p-PERK, ATF4, Beclin1 showed 
that when compared with the control group, the expression 
of PERK, p-PERK, ATF4, and Beclin1 was significantly 
increased after sorafenib treatment (Fig. 5A, B), which was 
due to the induction of ERS and autophagy by sorafenib. 
The expression of PERK, p-PERK, ATF4, and Beclin1 
decreased in ORMDL3-silenced HCC cells after sorafenib 
treatment, suggesting that ORMDL3 silencing can inhibit 
the expression of PERK, p-PERK, ATF4, and Beclin1 pro-
teins (Fig. 5A, B).

Next, it was further investigated whether ORMDL3 
silencing inhibits PERK-ATF4 protein expression and then 
affected autophagy. The results showed that the deletion 
of ORMDL3 inhibited the expression of PERK, p-PERK, 
ATF4, Beclin1, and autophagy when compared with the 
control group. However, when ATF4 was overexpressed, 
PERK, p-PERK protein levels did not change significantly 
in ORMDL3 silencing group, while Beclin1 and LC3 protein 
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levels increased and P62 protein levels decreased, indicat-
ing that ATF4 overexpression reversed the decrease in 
autophagy caused by silencing ORMDL3 (Fig. 5C, D). In 

conclusion, silencing ORMDL3 inhibited the expression of 
PERK-ATF4 and Beclin1, an important autophagy protein, 
thereby inhibiting the level of autophagy.
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In vivo study—establishment of subcutaneous 
tumor transplantation model in mice

We constructed a subcutaneous xenotransplantation model in 
nude mice, and the subcutaneous tumor masses were removed 
after the mice were sacrificed (Fig. 6A). According to the sta-
tistics of the bodyweight trends of mice (Fig. 6B) and the mice 
body weight on the 28th day (Fig. 6C), no significant differ-
ence was found between each group, indicating that the mice 
were in good and stable condition. Tumor weights were meas-
ured in each group and the results showed that there is no sig-
nificant difference in tumor weight between the control group 
and the ORMDL3-silenced group. The tumor weight was sig-
nificantly reduced by using sorafenib. Moreover, the tumor 
weight was significantly lower in the group with sorafenib after 
silencing ORMDL3, as compared to the group with sorafenib 
alone (Fig. 6D). The volume of mouse tumors was measured 
every two days and a data graph was made (Fig. 6E). It can be 
seen that the tumor volume of the mice increased gradually 
over time, and the group treated with no sorafenib increased 
far more than the group treated with sorafenib. The tumor 
volume growth rate of the control group and the ORMDL3-
silenced group was the fastest, followed by the sorafenib group, 
and finally, the sorafenib group with ORMDL3 silenced. In 
summary, it is shown that sorafenib can inhibit the growth of 
hepatoma in mice, and silencing the expression of ORMDL3 
in liver cancer cells can increase the inhibitory effect of 
sorafenib on the growth of hepatoma in mice.

Next, hematoxylin–eosin staining was used to observe 
the subcutaneous tumor tissue, and immunohistochemical 

staining was used to detect the ki67 proliferation index. 
When compared with the control group, there was no sig-
nificant difference for the ki67 positive rate in ORMDL3-
silenced group, while the ki67 positive rate in the two groups 
given sorafenib was significantly reduced. The positive rate 
of ki67 in the sorafenib group with ORMDL3 deletion 
was lower than that in the sorafenib group, indicating that 
sorafenib inhibited the proliferation of mouse hepatocellular 
tumor, which was enhanced by silencing ORMDL3. Positive 
rates of LC3B, Beclin1, ATF4, and PERK were also detected 
in subcutaneous tumor tissues, and the results are consistent 
with the above. Silencing ORMDL3 reduced the expressions 
of LC3B, Beclin1, ATF4, and PERK, inhibited the PERK-
ATF4-Beclin1 pathway, and inhibited autophagy (Fig. 6F, 
G). In conclusion, subcutaneous tumor transplantation 
experiment showed that sorafenib could inhibit the growth 
of mouse hepatocellular tumors, while silencing HCC cell 
ORMDL3 could increase the inhibitory effect of sorafenib 
on the growth of mouse hepatocellular tumors.

Discussion

Many studies have shown that ORMDL3 is associated 
with genetic susceptibility and the potential pathogenesis 
of asthma [27]. In addition to being highly correlated with 
asthma, ORMDL3 is also involved in many important signal 
transduction processes such as regulating cell growth, differ-
entiation, senescence, and programmed cell death, thus play-
ing an important role in many diseases [18, 19]. Although 
previous studies proved the relationship between ORMDL3 
and ceramide in HepG2 hepatocarcinoma cells [21], its asso-
ciation with liver cancer is not completely clear. Therefore, 
based on the extensive influence of the ORMDL3 gene, it 
was explored whether the regulation of the ORMDL3 gene 
can affect the sensitivity of HCC cells to sorafenib. The 
current study showed that silencing ORMDL3 increased 
the inhibitory effect of sorafenib on HCC cell viability and 
proliferation. Moreover, deletion of ORMDL3 can increase 
the apoptosis of HCC cells induced by sorafenib (Fig. 6H). 
Overall, this experimental study demonstrated that the 
ORMDL3 gene can affect the sensitivity of HCC cells to 
sorafenib. Although the role of ORMDL3 in sorafenib resist-
ance of liver cancer has been found, there are few studies on 
the role of the ORMDL3 gene in the occurrence and devel-
opment of liver cancer and its molecular mechanism, which 
requires more research and discussion. The polymorphism 
in 17q21 containing the ORMDL3 gene is associated with 
several well-known inflammatory diseases, and subsequent 
gene function studies have found that it is closely related 
to ERS, ceramide metabolism, inflammatory response, and 
autophagy [28].

Fig. 3  Increase in the apoptosis of sorafenib-induced HCC cells by 
silencing ORMDL3, by inhibiting autophagy. A, B Western Blot 
assay was performed to detect the expression levels of autophagy-
related proteins LC3, P62, and Beclin1 in human HCC cells SMMC-
7721 silenced by ORMDL3, and gray value analysis. C, D The 
expression of LC3 in HCC cells was detected by immunofluores-
cence. Scale bar, 25 μM. Five regions were randomly selected from 
each sample for evaluation. Statistical analysis was performed using 
one-way ANOVA. *P < 0.05, **P < 0.01. The data are presented as 
the means ± SD (n = 3). E, F Western Blot assay was used to detect 
the expression levels of autophagy-related proteins LC3, P62, and 
Beclin1 in ORMDL3-silenced human HCC cells SMMC-7721 com-
bined with autophagy inhibitor CQ (50 μM), and gray value analysis. 
G Annexin V-FITC/PI Apoptosis Kit was used to analyze apoptosis 
levels in the ORMDL3-silenced group by flow cytometry. H Histo-
gram of streaming data analysis. Statistical analysis was performed 
using one-way ANOVA. **P < 0.01, ***P < 0.001. The data are 
presented as the means ± SD (n = 3). I The apoptosis and necro-
sis of ORMDL3-silenced HCC cells SMMC-7721 were detected 
in the presence of sorafenib (4  μM) combined with Rap (100  nM), 
an autophagy agonist. Representative images under ×100 inverted 
microscope after PI/Hoechst kit staining. Scale bar, 100 μM. Differ-
ences between the two groups were analyzed using Student’s t test. 
**P < 0.01, ***P < 0.001. The data are presented as the means ± SD 
(n = 3)

◂
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Fig. 4  Increase in ROS levels by ORMDL3 silencing, which pro-
motes ROS-mediated apoptosis. A Flow cytometry was used to detect 
the ROS level of ORMDL3-silenced HCC cells. B Flow cytometry 
was used to detect the ROS levels of HCC cells in each group treated 
with Rap (100 nM) as an autophagy activator, and C the ROS levels 
of HCC cells SMMC-7721 treated with NAC (10 mM). D Changes 
of HCC cell viability after administration of oxidative stress inhibi-
tor NAC (10 mM). E, F Western Blot assay was used to detect the 

expression levels of Caspase 3, Caspase 9, PARP, Bax, and Bcl-2 
proteins in ORMDL3-silenced human HCC cells SMMC-7721 after 
the use of oxidative stress inhibitor NAC and gray value analysis. G 
Annexin V-FITC/PI apoptosis kit was used for flow cytometry analy-
sis to determine the apoptosis levels of ORMDL3-silenced groups. H 
Histogram of flow analysis data. Statistical analysis was performed 
using one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001. The 
data are presented as the means ± SD (n = 3)

Many studies have shown that autophagy is very impor-
tant in mediating sorafenib resistance, and inhibition of 
sorafenib-induced autophagy can significantly enhance the 
cytotoxicity of sorafenib in HCC cells [29, 30]. These stud-
ies suggest that targeting autophagy-related pathways may 

be a good method to reverse sorafenib resistance in the clini-
cal treatment of HCC. Meanwhile, ORMDL3 is also closely 
related to autophagy. For example, studies have shown that 
ORMDL3 may mediate autophagy through ATF6-Beclin1 
pathway, and promote the survival of spleen B cells by 
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Fig. 5  Inhibition of autophagy through the PERK-ATF4-Beclin1 
pathway by silencing ORMDL3. A, B Western Blot assay was per-
formed to detect the protein expression levels of PERK, p-PERK, 
ATF4, Beclin1 in ORMDL3-silenced human HCC cells and gray-
scale analysis. C, D Western Blot assay was performed to detect the 

protein expression levels of PERK, p-PERK, ATF4, Beclin1, P62, 
and LC3 after overexpression of ATF4 in ORMDL3-silenced human 
HCC cells SMMC-7721 and grayscale analysis. Statistical analy-
sis was performed using one-way ANOVA. *P < 0.05, **P < 0.01, 
***P < 0.001. The data are presented as the means ± SD (n = 3)

promoting autophagy and inhibiting apoptosis [31]. In this 
study, by detecting the expression of autophagy-related pro-
teins, it was also found that silencing ORMDL3 could inhibit 
sorafenib-induced autophagy. The ability of ORMDL3 to 
regulate autophagy may be an important reason for the 
change of sensitivity of HCC cells to sorafenib. Therefore, 
our further study also found that silencing ORMDL3 can 
increase the apoptosis of sorafenib-induced HCC cells by 
inhibiting autophagy (Fig. 6H). Autophagy and nuclear 
factor erythroid-2 related factor 2 (NRF2) signal suppres-
sion can increase production of ROS and ERS in pancreatic 
cancer cells [32]. Inhibition of autophagy promotes apop-
tosis of adipose tissue-derived stem cells (ADSCs) medi-
ated by high glucose reactive oxygen species [33]. These 
studies have shown the autophagy and oxidative stress level 

of intimate relationship. Therefore, we explored the rela-
tionship between the inhibition of autophagy and oxida-
tive stress level after silencing ORMDL3, and found that 
silencing ORMDL3 could increase ROS-mediated apoptosis 
of HCC cells by inhibiting autophagy. To further explore 
why ORMDL3 silencing increased ROS-mediated apopto-
sis of HCC cells in the presence of sorafenib, we detected 
mitochondrial superoxide levels and mitochondrial energy 
changes. In summary, in the presence of sorafenib, silenc-
ing ORMDL3 increased mitochondrial superoxide level and 
reduced mitochondrial energy of HCC cells, indicating that 
silencing ORMDL3 caused mitochondrial dysfunction in 
HCC cells, which may be an important reason for increas-
ing the apoptosis of HCC cells induced by sorafenib, which 
also needs further verification and exploration.
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It is well known that, in response to ERS, cells tend to 
activate an evolutionally conformed response called UPR, 
which has three important pathways, of which PERK is 

one [34]. PERK is oligomerized in the ER, induces 
autophosphorylation and activation of the kinase domain, 
subsequently, phosphorylating the eukaryotic translation 
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initiation factor 2α (elF2α), and then selectively increas-
ing the translation of ATF4 to induce gene expression 
to maintain ER homeostasis [35]. It has been found that 
inhibition of the PERK-ATF4 pathway can reduce the 
expression of Beclin1, an important protein involved in 
autophagy, thereby inhibiting autophagy increases the 
sensitivity of sorafenib to HCC cells [26, 36]. It was 
also found that ORMDL3 overexpression accelerated the 
phosphorylation of PERK mediated by toxic carotene 
[37]. In conclusion, the above findings indicate that the 
ORMDL3 gene, autophagy, and PERK-ATF4 in ERS are 
interlinked. Consistent with this, our study found that 
the expressions of PERK, ATF4, and Beclin1 decreased 
in ORMDL3-silenced HCC cells, regardless of whether 
sorafenib was used. When ATF4 is overexpressed, as 
compared to the ORMDL3-silenced group, PERK protein 
level did not change significantly, while Beclin1 and LC3 
protein levels increased, and P62 protein decreased, indi-
cating that overexpressed ATF4 reversed the decrease in 
autophagy caused by silencing ORMDL3. These results 
suggest that ORMDL3 can inhibit autophagy levels by 
inhibiting the PERK-ATF4 pathway and reducing the 
expression of Beclin1, an important protein formed by 
autophagy (Fig. 6H). It was further demonstrated that the 
PERK-eIF2α-ATF4 pathway is critical in detecting ERS 
and inducing autophagy to address misfolded protein accu-
mulation through lysosomal degradation [38].

Conclusion

In conclusion, the role of the ORMDL3 gene in sorafenib 
resistance of HCC was thoroughly investigated and 
described in the current study, showing that inhibition of 
the ORMDL3 gene increases the sensitivity of HCC cells to 
sorafenib. The study reveals a potential molecular mecha-
nism that enhances the efficacy of sorafenib in HCC and may 
provide new approaches for better treatment design.
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Fig. 6  In vivo study—establishment of subcutaneous tumor trans-
plantation model in mice. A Nude mice were divided into groups, 
and subcutaneously transplanted tumor models were constructed. The 
mice were given drugs every 2 days, and changes in body weight and 
tumor volume were recorded. On the 28th day, the mice were sacri-
ficed and subcutaneous tumor masses were removed for analysis. B 
Mice were weighed every two days to make 28-day weight changes 
after drug injection. C The weight data of mice before death were 
obtained. D Tumor weight was detected after the mice were sacri-
ficed. E Tumor growth trend analysis. Statistical analysis was per-
formed using one-way ANOVA. nsP > 0.05, *P < 0.05, **P < 0.01, 
***P < 0.001. The data are presented as the means ± SD (n = 5). F 
H&E staining was performed to observe the tumor tissue sections. 
Immunohistochemical evaluation of Ki67, LC3B, Beclin1, ATF4, 
and PERK expressions in xenograft tumors of nude mice with dif-
ferent treatments. The brown expression was positive. Scale bar, 
200  μM. G Image ProPlus (IPP) was used to analyze the expres-
sions of Ki67, LC3B, Beclin1, ATF4, and PERK in immunohisto-
chemical images. Statistical analysis was performed using one-way 
ANOVA. *P < 0.05, **P < 0.01,***P < 0.001. The data are presented 
as the means ± SD (n = 5). H Schematic diagram of the mechanism by 
which silencing ORMDL3 increases the sensitivity of HCC cells to 
sorafenib. Sorafenib acts on tyrosine kinase receptors of HCC cells, 
induces endoplasmic reticulum stress, and leads to increased lev-
els of autophagy and ROS. Under the action of sorafenib, silencing 
of ORMDL3 can inhibit the PERK-ATF4-Beclin1 pathway, thereby 
inhibiting autophagy, increasing ROS levels, and increasing ROS-
mediated apoptosis of liver cancer cells

◂

https://doi.org/10.1007/s12032-022-01767-z
http://creativecommons.org/licenses/by/4.0/


 Medical Oncology (2022) 39: 159

1 3

159 Page 14 of 14

References

 1. Freddie B, Jacques F, Isabelle S, et  al. Global cancer statis-
tics 2018: GLOBOCAN estimates of incidence and mortality 
worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2018;68:394–424.

 2. Bo Z, Xue-Ying S. Mechanisms of resistance to sorafenib and 
the corresponding strategies in hepatocellular carcinoma. World 
J Hepatol. 2013;5:345–52.

 3. Llovet JM, Montal R, Sia D, et al. Molecular therapies and preci-
sion medicine for hepatocellular carcinoma. Nat Rev Clin Oncol. 
2018;15:599–616.

 4. Su Dan Wu, Bin SL. Cost-effectiveness of atezolizumab plus 
bevacizumab vs sorafenib as first-line treatment of unresectable 
hepatocellular carcinoma. JAMA Netw Open. 2021;4:e210037.

 5. Zakaria E, Christophe L, Eric T, et al. EGFR activation is a poten-
tial determinant of primary resistance of hepatocellular carcinoma 
cells to sorafenib. Int J Cancer. 2012;131:2961–9.

 6. Zhu YJ, Zheng B, Wang H-Y, et al. New knowledge of the mecha-
nisms of sorafenib resistance in liver cancer. Acta Pharmacol Sin. 
2017;38:614–22.

 7. Koulouris A, Tsagkaris C, Spyrou V, et al. Hepatocellular car-
cinoma: an overview of the changing landscape of treatment 
options. J Hepatocell Carcinoma. 2021;13:387–401.

 8. Alison D, Jackson Le, Edward S, et al. Autophagy modulation: a 
target for cancer treatment development. Cancer Chemother Phar-
macol. 2015;75:439–47.

 9. White E, DiPaola RS. The double-edged sword of autophagy 
modulation in cancer. Clin Cancer Res. 2009;15:5308–16.

 10. János K, Dénes T, László F-N, et  al. Complex regulation of 
autophagy in cancer - integrated approaches to discover the 
networks that hold a double-edged sword. Semin Cancer Biol. 
2013;23:252–61.

 11. Satoshi S, Tetsuo T, Hayato H, et al. Inhibition of autophagy poten-
tiates the antitumor effect of the multikinase inhibitor sorafenib in 
hepatocellular carcinoma. Int J Cancer. 2012;131:548–57.

 12. Ying-Hong S, Zhen-Bin D, Jian Z, et al. Targeting autophagy 
enhances sorafenib lethality for hepatocellular carcinoma via ER 
stress-related apoptosis. Autophagy. 2011;7:1159–72.

 13. Rodríguez-Hernández MA, González R, de la Rosa ÁJ, et al. 
Molecular characterization of autophagic and apoptotic sign-
aling induced by sorafenib in liver cancer cells. J Cell Physiol. 
2018;234:692–708.

 14. Liu M, Zhou R, Wu X, et al. Clinicopathologic charcterization of 
sorafenib-induced endoplasmic reticulum stress in human liver 
cancer cells. J Physiol Pharmacol. 2018;69:1–5.

 15. Das S, Miller M, Broide DH. Chromosome 17q21 genes 
ORMDL3 and GSDMB in asthma and immune diseases. Adv 
Immunol. 2017;135:1–52.

 16. Luthers CR, Dunn TM, Snow AL. ORMDL3 and asthma: linking 
sphingolipid regulation to altered T cell function. Front Immunol. 
2020;11:597945.

 17. Ono JG, Kim BI, Zhao Y, et al. Decreased sphingolipid synthe-
sis in children with 17q21 asthma-risk genotypes. J Clin Invest. 
2020;130:921–6.

 18. Xiaochun Ma, Feng L, Yan Y, et al. ORMDL3 and its implication 
in inflammatory disorders. Int J Rheum Dis. 2018;21:1154–62.

 19. Weixia Y, Feifei S, Baolan S, et al. The role of ORMDL3/ATF6 in 
compensated beta cell proliferation during early diabetes. Aging 
(Albany NY). 2019;11:2787–96.

 20. Sheridan M, Ogretmen B. The role of ceramide metabolism and 
signaling in the regulation of mitophagy and cancer therapy. Can-
cers (Basel). 2021;13:2475–95.

 21. Cai L, Oyeniran C, Biswas DD, et al. ORMDL proteins regu-
late ceramide levels during sterile inflammation. J Lipid Res. 
2016;57:1412–22.

 22. Li J, Ullah MA, Jin H, et al. ORMDL3 functions as a negative 
regulator of antigen-mediated mast cell activation an ATF6-UPR-
autophagy-dependent pathway. Front Immunol. 2021;12:604974.

 23. Xiao-Lu Wu, Ran Li, Hui-Wen Z, et al. Methylation status of 
ORMDL3 regulates cytokine production and p-ERK/MMP9 path-
way expression. Exp Cell Res. 2018;372:43–51.

 24. Ziyou L, Yi N, Arabella W, et al. RNA  m6A methylation regulates 
sorafenib resistance in liver cancer through FOXO3-mediated 
autophagy. EMBO J. 2020;39:e103181.

 25. Ramirez-Moreno MJ, Duarte-Jurado AP, Gopar-Cuevas Y, et al. 
Autophagy stimulation decreases dopaminergic neuronal death 
mediated by oxidative stress. Mol Neurobiol. 2019;56:8136–56.

 26. Zhou B, Lu Q, Liu J, et al. Melatonin increases the sensitivity of 
hepatocellular carcinoma to sorafenib through the PERK-ATF4-
Beclin1 pathway. Int J Biol Sci. 2019;15:1905–20.

 27. Moffatt MF, Kabesch M, Liang L, et al. Genetic variants regu-
lating ORMDL3 expression contribute to the risk of childhood 
asthma. Nature. 2007;448:470–3.

 28. Kaser A, Blumberg RS. Autophagy, microbial sensing, endo-
plasmic reticulum stress, and epithelial function in inflammatory 
bowel disease. Gastroenterology. 2011;140:1738–47.

 29. Ting S, Hongchun L, Liang M. Multiple roles of autophagy in 
the sorafenib resistance of hepatocellular carcinoma. Cell Physiol 
Biochem. 2017;44:716–27.

 30. Chao L, Zhebin D, Xianlei C, et al. Hypoxia induces sorafenib 
resistance mediated by autophagy via activating FOXO3a in hepa-
tocellular carcinoma. Cell Death Dis. 2020;11:1017.

 31. Jie D, Xianli B, Xiaochun Ma, et al. ORMDL3 facilitates the 
survival of splenic B cells via an ATF6α-endoplasmic reticu-
lum stress-beclin1 autophagy regulatory pathway. J Immunol. 
2017;199:1647–59.

 32. Li Xu, Meng L, Jianxin J, et al. Combined inhibition of autophagy 
and Nrf2 signaling augments bortezomib-induced apoptosis by 
increasing ROS production and ER stress in pancreatic cancer 
cells. Int J Biol Sci. 2018;14:1291–305.

 33. Qiang Li, Yating Y, Yuqing Z, et al. Inhibition of autophagy pro-
moted high glucose/ROS-mediated apoptosis in ADSCs. Stem 
Cell Res Ther. 2018;9:289.

 34. Shanyong Yi, Ke C, Lihua Z, et al. Endoplasmic reticulum stress is 
involved in stress-induced hypothalamic neuronal injury in rats via 
the PERK-ATF4-CHOP and IRE1-ASK1-JNK pathways. Front 
Cell Neurosci. 2019;13:190.

 35. Wafa B, Anne-Catherine M, Valérie C, et al. The eIF2α/ATF4 
pathway is essential for stress-induced autophagy gene expression. 
Nucleic Acids Res. 2013;41:7683–99.

 36. Luhr M, Torgersen ML, Szalai P, et al. The kinase PERK and 
the transcription factor ATF4 play distinct and essential roles in 
autophagy resulting from tunicamycin-induced ER stress. J Biol 
Chem. 2019;294:8197–217.

 37. Kazuhiro O, Tetsuji T, Kaori T, et al. ORMDL3 overexpression 
facilitates FcεRI-mediated transcription of proinflammatory 
cytokines and thapsigargin-mediated PERK phosphorylation in 
RBL-2H3 cells. Immun Inflamm Dis. 2021;9:1394–405.

 38. Rashid H-O, Yadav RK, Kim H-R, et al. ER stress: autophagy 
induction, inhibition and selection. Autophagy. 2015;11:1956–77.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Regulation of the sensitivity of hepatocarcinoma cells by ORMDL3, to sorafenib by autophagy
	Abstract
	Introduction
	Material and methods
	Reagents and antibodies
	Cell culture and transfection
	siRNA and plasmid transfections
	Cell viability assay
	Total RNA isolation and quantitative real-time PCR
	Western blot
	Colony formation assay
	Apoptosis assay
	Annexin V-FITCpropidium iodide (PI) apoptosis assay
	Measurement of intracellular reactive oxygen species
	Immunofluorescence
	Immunohistochemical analysis
	In vivo experiment
	Statistical analysis

	Results
	Increase in the sensitivity of liver cancer cells to sorafenib by silencing ORMDL3
	Increase in sorafenib-induced apoptosis of HCC cells by silencing ORMDL3
	Increase in the apoptosis of sorafenib-induced HCC cells by silencing ORMDL3, by inhibiting autophagy
	Inhibition of autophagy of liver cancer cells by silencing ORMDL3, resulting in increased ROS levels, thereby promoting ROS-mediated apoptosis
	Inhibition of autophagy through the PERK-ATF4-Beclin1 pathway by silencing ORMDL3
	In vivo study—establishment of subcutaneous tumor transplantation model in mice

	Discussion
	Conclusion
	Acknowledgements 
	References




