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Abstract. Spliced X‑box binding protein 1 (XBP1s) has 
been reported to participate in the pathogenesis of numerous 
types of cancer; however, whether XBP1s plays a role in lung 
cancer remains to be elucidated. In the present study, bioin‑
formatics analysis was performed to determine the mRNA 
expression level of XBP1 in lung cancer and adjacent normal 
tissues. Gene Ontology terms, pathway enrichment and 
Pearson's correlation analysis were performed to investigate 
the possible mechanism involved. Western blot and reverse 
transcription‑quantitative PCR were performed to quantify 
the protein and mRNA expression level of target proteins, 
respectively. Small interfering RNA or overexpression plasmid 
were used to knockdown or overexpress the expression level of 
XBP1s. EdU staining, colony formation, Cell Counting Kit‑8, 
Transwell and wound healing assays, and flow cytometry were 
performed to detect the proliferation, colony forming ability, 
cell viability, migration and invasion ability, and the apoptosis 
rate. The results showed that the mRNA and protein expres‑
sion level of XBP1 was higher in tumor tissues compared with 
that in adjacent normal tissues using data from the TIMER2.0, 

ONCOMINE and UALCAN online databases. In addition, 
the mRNA expression level of XBP1 was also associated with 
clinical features, including age, smoking habit, individual 
cancer stage and nodal metastasis status. In the in vitro experi‑
ments, the mRNA and protein expression level of XBP1s was 
increased in the A549 cell line compared with that in the 
human bronchial epithelial (HBE), H1299, PC9 and H460 cell 
lines. Hypoxia further increased the protein expression level of 
XBP1s in the A549 cell line. Knockdown of XBP1s expression 
in the A549 cell line resulted in decreased proliferation, colony 
formation, cell viability, migration and invasion, and increased 
apoptosis. By contrast, overexpressing XBP1s in the HBE cell 
line led to the opposite results. To investigate the mechanism 
involved, proteins associated with XBP1 were analyzed using 
the LinkedOmics database. Pathway enrichment revealed the 
MAPK pathway to be the possible XBP1 downstream target. 
Furthermore, Pearson's correlation and western blot analyses 
verified that phosphorylated (p)‑JNK rather than p‑ERK or 
p‑p38 was the downstream effector of XBP1s. Phosphorylation 
of JNK was decreased when XBP1s expression was knocked 
down in the A549 cell line under normoxic and hypoxic condi‑
tions. Inhibiting p‑JNK with SP600125 reversed the increased 
prosurvival effects caused by XBP1s overexpression. The 
results from the present study suggest that XBP1s/p‑JNK func‑
tion as a prosurvival factors in the A549 cell line and could be 
a potential target for the treatment of lung adenocarcinoma.

Introduction

Lung cancer was the most commonly diagnosed cancer (11.6% 
of total cancer cases) and the leading cause of cancer‑related 
death (18.4% of total cancer‑related deaths) worldwide 
according to the global cancer statistics from 2018 (1). Among 
all lung cancer cases, at least 80% are non‑small cell lung 
cancer (NSCLC) (2) and among these, lung adenocarcinoma 
(LUAD) accounts for 50% of all the cases (3). The high preva‑
lence rate of LUAD requires further investigation to elucidate 
the mechanisms that drive its pathogenesis and to determine 
potential targeted therapies.

The endoplasmic reticulum is a complex organelle that 
functions to orchestrate protein folding, Ca2+ storage, and 
lipid and carbohydrate metabolism. When cells are exposed 
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to intracellular or extracellular stimuli that cause unfolded 
or misfolded proteins to accumulate in the endoplasmic 
reticulum lumen, a condition known as endoplasmic reticulum 
stress (ERS) is initiated to restore homeostasis. There are three 
endoplasmic reticulum membrane‑embedded sensors which 
transduce signals during ERS, including inositol‑requiring 
enzyme 1 (IRE1), double‑stranded RNA‑activated protein 
kinas‑like ER kinase (PERK) and activating transcription 
factor 6 (ATF6)  (4). In rapidly growing solid tumors, low 
levels of oxygen and glucose often trigger ERS and lead to the 
activation of spliced X‑box binding protein (XBP1s) (5).

XBP1s is a key transcription factor during ERS. Upon 
ERS, IRE1α splices a 26‑base intron from the XBP1 mRNA, 
transforming it from its unspliced form (XBP1u) to its spliced 
form (XBP1s) (6). XBP1s was reported to participate in the 
development of numerous types of cancer (7). IRE1α‑XBP1 was 
reported to promote prostate cancer by activating the c‑MYC 
pathway (8) and control T cell function in ovarian cancer by 
regulating mitochondrial activity (9). XBP1 was also reported to 
promote triple‑negative breast cancer by regulating the hypoxia 
inducible factor α (HIF1α) pathway (10). Several studies have 
revealed that XBP1s plays a significant role in tumorigenesis 
and cancer progression; however, to the best of our knowledge, 
research on the role of XBP1s in LUAD is limited. A recent 
study revealed that XBP1s was overexpressed in NSCLC tissues 
and associated with Tumor Node Metastasis (TNM) stages, 
lymph node metastasis and poor prognosis (11). However, the 
mechanisms involved requires further investigation.

There are three main branches of MAPKs, including JNK, 
ERK and p38 MAPK. These enzymes regulate various cellular 
activities, including proliferation, differentiation, apoptosis, 
survival, inflammation and innate immunity. These proteins 
contribute to the pathology of diverse human diseases, including 
cancer (12). Numerous studies have proven MAPK to be asso‑
ciated with the initiation and progression of LUAD (13‑20). 
However, whether there is an association between XBP1s and 
MAPK in LUAD has not yet been investigated.

The present study was designed to investigate whether and 
how XBP1s participates in the development of LUAD and 
whether MAPK was involved in this process.

Materials and methods

Datasets. Both mRNA and protein expression of XBP1 
were analyzed using bioinformatics analysis. The mRNA 
expression level of XBP1 in various types of cancer was 
analyzed using the ONCOMINE (https://www.oncomine.
org/resource/login.html)  (21) and the TIMER2.0 databases 
(https://cistrome.shinyapps.io/timer)  (22). The thresholds in 
the ONCOMINE database were set as follows: P<0.05, fold 
change of all and gene rank of all. The protein expression 
level of XBP1 in patients with LUAD and normal tissue from 
the Clinical Proteomic Tumor Analysis Consortium, and the 
association between XBP1 and the clinical characteristics was 
analyzed using the UALCAN database (https://ualcan.path.
uab.edu) (23). The proteins associated with XBP1, and Gene 
Ontology (biological processes) analysis, and pathway enrich‑
ment were analyzed (false discovery rate <0.01) using the 
LinkedOmics database (https://www.linkedomics.org/login.
php) (24). RNA sequencing data in patients with LUAD from 

TCGA database (https://www.cancer.gov/about‑nci/organiza‑
tion/ccg/research/structural‑genomics/tcga) were analyzed. The 
pathways involved in LUAD were analyzed using the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) database 
(https://kegg.jp) (25). The association between XBP1 and the 
MAPK pathway was analyzed using the LinkedOmics and 
GEPIA databases (https://gepia.cancer‑pku.cn) (26).

Cell culture. The human LUAD cell lines, A549, H1299 
and PC9, and the large cell lung cancer cell line, H460 were 
purchased from American Type Culture Collection. Human 
bronchial epithelial (HBE) cell line was purchased from 
NTCC Preservation Center. RPMI‑1640 (Nanjing KeyGen 
Biotech Co., Ltd.), supplemented with 10% FBS (Gibco; 
Thermo Fisher Scientific, Inc.) was used to culture the A549, 
H1299 and H460 cell lines. DMEM/High Glucose (HyClone; 
Cytiva), supplemented with 10% FBS was used to culture the 
HBE and PC9 cell lines. The cells were routinely cultured 
at 37˚C in a humidified incubator (Thermo Fisher Scientific, 
Inc.) with 21% O2, 5% CO2 and 74% N2. For the hypoxic 
culture environment, the A549 cell line was cultured at 37˚C 
in a humidified incubator (Thermo Fisher Scientific, Inc.) for 
0, 12, 24, 36, 48 and 60 h with 2% O2, 5% CO2 and 93% N2. 
SP600125 (cat. no. HY‑12041; MedChemExpress) was used to 
inhibit the JNK MAPK pathway in rescue experiments.

Small interfering (si)RNA and plasmid transfection. siRNAs 
targeting XBP1s were designed by Guangzhou RiboBio Co. 
Ltd. The following sequences were used: siNC (non‑targeting), 
5'‑TTC​TCC​GAA​CGT​GTC​ACG​TdTdT‑3'; siXBP1s‑1, 5'‑GCA​
AGT​GGT​AGA​TTT​AGA​A‑3'; siXBP1s‑2, 5'‑GAT​CGA​AAG​
AAG​GCT​CGA​A‑3'; and siXBP1s‑3, 5'‑TGA​GAA​CCA​GGA​
GTT​AAG​A‑3'. siRNA (50 µM) was transfected into the A549 
cell line seeded (2.0x105 cells/well) in the 6‑well plate. The 
cells were incubated with transfection reagent in the incu‑
bator for 24 h at 37˚C with 21% O2. Then, the medium was 
replaced with fresh culture medium and prepared for subse‑
quent experiments. siRNA transfection was conducted using 
Lipofectamine™ 3000 reagent (cat. no. 2241260; Invitrogen; 
Thermo Fisher Scientific, Inc.).

The A549 and HBE cell lines were transfected with either 
blank (no vector), liposome, siNC and siXBP1s‑1/2/3 or 
control and XBP1s overexpression vector to knockdown the 
expression level of XBP1s or increase the expression level of 
XBP1s, respectively.

The XBP1s overexpression plasmid was designed 
by Shanghai GeneChem Co., Ltd., using Pcdna3.1‑flag 
plasmid. Plasmid transfection was conducted using 
Lipofectamine™ 3000 and P3000™ reagent (cat. no. 2241260; 
Invitrogen; Thermo Fisher Scientific, Inc.), and the cells were 
transfected with 800 ng control or XBP1s overexpression vector. 
Fresh culture medium was replaced 8 h following transfection 
and the cells were cultured for another 16 h at 37˚C, then used 
for subsequent experiments.

Western blot analysis. Protein from the cells was extracted 
with protein extraction buffer (RIPA, protease inhibitor cock‑
tail, PMSF, phosphorylation protease inhibitor A and B; ratio, 
100:2:1:1:1. Protein concentration was determined using a BCA 
protein Concentration kit (cat. no. 16F17B97; Boster Biological 
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Technology). Protein (30 µg) was loaded into each lane and 
separated using 10% SDS‑PAGE, then transferred onto a PVDF 
membrane. The membrane was blocked with 5% skimmed 
milk for 1 h at room temperature, washed with TBS with 0.05% 
Tween‑20 (TBST) and incubated with the primary antibodies 
overnight at 4˚C. The following primary antibodies were used: 
XBP1s (cat. no. 40435s; 1:1,000; Cell Signaling Technology, 
Inc.), phosphorylated (p)‑c‑JNK (cat. no. 4668; 1:1,000; Cell 
Signaling Technology, Inc.), JNK (cat. no. 9252; 1:1,000; Cell 
Signaling Technology, Inc.), p‑ERK (cat. no. 4370; 1:1,000; 
Cell Signaling Technology, Inc.), ERK (cat. no. 4695; 1:1,000; 
Cell Signaling Technology, Inc.), p‑p38 (cat. no. 4511; 1:1,000; 
Cell Signaling Technology, Inc.), p38 (cat. no. 8690; 1:1,000; 
Cell Signaling Technology, Inc.) and actin (cat. no. 66009‑1‑Ig; 
1:4,000; ProteinTech Group, Inc.). Then, the membrane was 
washed with TBST, incubated with HRP‑conjugated secondary 
antibodies (goat anti‑rabbit, cat. no. AS1107; goat anti‑mouse, 
cat. no. AS1106) (both 1:4,000 and purchased from Wuhan 
Aspen Biotechnology, Co., Ltd.) for 1 h at room temperature. 
The membranes were washed with TBST again and the protein 
bands were detected using a detection kit (cat. no. 201005‑79; 
Advansta, Inc.). ImageJ software (v1.46r; National Institutes of 
Health) was used to semi‑quantify protein expression.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted using TRIzol® (Invitrogen; Thermo 
Fisher Scientific, Inc.). Then, RT using PrimeScript RT Master 
Mix (cat. no. RR036A; Takara Biotechnology Co., Ltd.) was 
performed with 500 ng RNA and a total volume of 10 µl. 
The following temperature conditions were used: 37˚C for 
15 min, 85˚C for 5 sec and held at 4˚C until further experi‑
mentation. qPCR was performed using TB Green® Premix Ex 
Taq (cat. no. RR420A; Takara Biotechnology Co., Ltd.) and 
the following thermocycling conditions: Initial denaturation 
at 95˚C for 30 sec, followed by 40 cycles at 95˚C for 5 sec and 
60˚C for 30 sec, and a final extension at 65‑95˚C, in 0.5˚C incre‑
ments for 5 sec. Relative quantification analysis was performed 
using the 2‑ΔΔCq method (27). The following primers were used 
to amplify the genes of interest: XBP1s, forward, 5'‑GCT​GAG​
TCC​GCA​GCA​GG‑3' and reverse, 5'‑CTC​TGG​GGA​AGG​
GCA​TTT​GA‑3'; actin forward, 5'‑AGC​GAG​CAT​CCC​CCA​
AAG​TT‑3' and reverse, 5'‑GGG​CAC​GAA​GGC​TCA​TCA​TT‑3'.

EdU staining assay and cytotoxicity assay. The cells were 
seeded into 96‑well plates, transfected with siXBP1s or siNC 
(A549 cells; 6,000 cells/well), or XBP1s overexpression vector 
or control vector (A549 and HBE cells) (both 8,000 cells/well). 
The cells were then cultured under 21% O2 normoxic or 2% O2 
hypoxic conditions, 24 h following transfection. Subsequently, 
EdU staining (cells were incubated with the EdU reagent A 
for 2 h in the incubator at 37˚C, and subsequent procedures 
were performed according to the manufacturer's instruc‑
tions; Cell‑Light™ EdU Apollo567 In Vitro kit; Guangzhou 
RiboBio, Co., Ltd.) or cell viability (cells were incubated with 
the Cell Counting Kit (CCK)‑8 reagent for 30 mins and OD 
was measured every 15 mins) (Cell Counting Kit‑8 assay; 
cat.  no.  HY‑K0301; MedChem Express) was performed. 
The detailed procedures were conducted according to the 
manufacturers' instructions. Images were captured at x200 
magnification.

Colony formation assay. The cells were cultured with siXBP1s 
or siNC transfection (A549 cells), or XBP1s overexpression 
vector or control vector transfection (A549 and HBE cells) for 
24 h, then 300 cells/well were seeded into 6‑well plates. After 
~2 weeks, colony formation was assessed, and the cells were 
fixed with 4% paraformaldehyde for 15 mins, then stained 
with crystal violet for 15 mins, both at room temperature. 
Then, images of the colonies (>50 cells) were captured and 
manually calculated.

Transwell assay. Migration ability was evaluated using Transwell 
chambers with 8‑µm pores (Corning, Inc.). siXBP1s or siNC was 
transfected into the A549 cell line (2.0x105 cells/well) or XBP1s 
overexpression vector or control vector was transfected into the 
HBE (3.0x105 cells/well) or A549 cell lines (3.0x105 cells/well). 
Subsequently, the cells were digested and a total of 1.0x104 cells 
suspended in 200 µl culture medium (10% FBS) were added to 
the upper chamber, and 600 µl culture medium was added to 
the lower chamber, replacing the cell culture medium with fresh 
culture medium 24 h after suspension. The cells were cultured 
at 37˚C in the incubator for 24 h with 21% O2 (normoxic condi‑
tions) in the A549 and HBE cell lines, or 36 h with 21% O2 
or 2% O2 (hypoxic conditions) in rescue experiments with the 
A549 cell line, until they were harvested. Then, the cells were 
fixed with 4% paraformaldehyde for 15 mins, then stained with 
crystal violet for 15 mins, both at room temperature. The cells 
were washed with PBS, then images of the migrated cells were 
captured (TE2000 U; light; Nikon Corporation) at x200 magni‑
fication.

Wound healing assay. The A549 (2.0x105 or 3.0x105 cells/well) 
or HBE cell lines (3.0x105 cells/well) were seeded in a 6‑well 
plate and transfected 24 h later with siXBP1s or siNC, or 
XBP1s overexpression or control vector, respectively. When 
the cells reached 80‑90% confluence, a wound was generated 
using a pipette tip. Then, the cells were cultured for 24 h with 
serum‑free medium. The images of the cells were captured 
at  0  and  24  h, at x200 magnification (TE2000 U; Nikon 
Corporation). The widths of the wound were recorded, and 
wound closure was calculated as [wound width (0‑24 h)/wound 
width (0 h)] x100%.

Flow cytometry. The A549 (2.0x105 or 3.0x105cells/well) or 
HBE cell lines (3.0x105 cells/well) were seeded in a 6‑well 
plate and transfected 24 h later with siXBP1s or siNC, or 
XBP1s overexpression or control vector, respectively. The cells 
were cultured for 24 h with 21% O2 (normoxic conditions) in 
the A549 and HBE cell lines, or for 36 h with 21% O2 or 2% O2 
(hypoxic conditions) in rescue experiments with the A549 cell 
line. Then, the cells were collected, washed three times with 
cold PBS and suspended in 300 µl binding buffer. Next, the 
cells were stained with 3 µl Annexin V‑FITC and 3 µl PI at 
room temperature for 30 mins with an apoptosis detection kit 
(cat. no. 556547; BD Pharmingen; BD Biosciences).

Statistical analysis. All the quantitative data are presented as 
the mean ± SD. GraphPad Prism (V8.0) was used for statis‑
tical analysis. Statistical significance was determined using an 
unpaired Student's t‑test for comparisons between two groups, 
while one‑way ANOVA followed by Bonferroni post hoc 



JIANG et al:  XBP1s‑p‑JNK PROMOTES LUAD4

test was used for comparisons among more than two groups. 
All the experiments were performed independently at least 
three times. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Expression of XBP1s is increased in LUAD and A549 cell 
line. Analysis of data from the TIMER2.0, ONCOMINE and 

Figure 1. Expression profile of XBP1 in various types of cancer and the association between XBP1 and clinical characteristics in patients with LUAD. (A) The 
mRNA expression level of XBP1 in different types of cancer from The Cancer Genome Atlas using the TIMER2.0 database. The red color represents cancer 
tissue and the blue color represents normal tissue. (B) The expression level of XBP1 in various types of cancer compared with that in normal tissues using the 
ONCOMINE database. (C) Expression level of XBP1 in patients with different clinical features using the UALCAN database. (D) Protein expression level 
of XBP1 in patients with LUAD from the CPTAC using the UALCAN database. *P<0.05, **P<0.01, ***P<0.001, ****P<0.001. XBP1, X‑box binding protein 1; 
LUAD, lung adenocarcinoma; CPTAC, Clinical Proteomic Tumor Analysis Consortium.
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UALCAN databases revealed that XBP1 mRNA and protein 
expression level was highly expressed in various types 
of cancer compared with that in normal tissues, including 
LUAD (Fig. 1A, B and D, respectively). The mRNA expres‑
sion level of XBP1 was significantly different in patients 
with different clinical features, including age, smoking habit, 
individual cancer stage and nodal metastasis status (Fig. 1C). 
Since XBP1s is a transcription factor, that is more active 
than XBP1u (28), the mRNA and protein expression level of 
XBP1s in the normal HBE, the A549, H1299 and PC9 LUAD, 
and the H460 large cell lung cancer cell lines was analyzed. 
XBP1s protein expression level was significantly elevated 
in the A549, H1299, PC9 and H460 cell lines compared 

with that in the HBE cell line. In addition, XBP1s mRNA 
expression level was significantly elevated in the A549 cell 
line compared with that in the HBE cell line (Fig. 2A). Since 
tumor cells survive in a hypoxic microenvironment (29), the 
A549 cell line was cultured under 2% O2 hypoxia to further 
investigate the expression level of XBP1s. The protein expres‑
sion level of XBP1s in the A549 cell line was increased under 
hypoxic conditions. The protein expression level reached its 
peak at 36 h, then declined, followed by another elevation 
at 60 h (Fig. 2B). To further investigate the role of XBP1s in 
LUAD, siRNA was designed to knockdown the expression 
level of XBP1s in the A549 cell line, which had the highest 
protein and mRNA expression level compared with that in 

Figure 2. High expression level of XBP1s in the A549 cell line. (A) XBP1s protein and mRNA expression level was analyzed in the normal HBE and the A549, 
H1299, PC9 and H460 lung cancer cell lines. The protein expression level was subsequently analyzed using densitometry. (B) XBP1s protein expression level 
was measured using western blot analysis in the A549 cell line cultured under hypoxic conditions for the indicated times, and subsequently analyzed using 
densitometry. (C) Protein and mRNA expression levels of XBP1s was measured in the A549 cell line following no transfection (blank), transfection with 
liposome, siNC and siXBP1s‑1/2/3. (D) Protein and mRNA expression levels of XBP1s was measured in the HBE cell line following no transfection (blank), 
transfection with liposome, control vector or XBP1 overexpression vector. n=3. The data are presented as the mean ± SD. **P<0.01, ***P<0.001, ****P<0.0001. 
XBP1s, spliced X‑box binding protein 1; LUAD, lung adenocarcinoma; NC, negative control; si, small interfering.
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the HBE cell line. In addition, XBP1s overexpression vector 
was designed to overexpress XBP1s in the normal HBE cell 
line, which had the lowest mRNA and protein expression 
level. Western blot and RT‑qPCR was performed to verify 
the knockdown and overexpression of XBP1s at the protein 
and mRNA level in the A549 (Fig. 2C) and HBE (Fig. 2D) 
cell lines, respectively. siXBP1s‑1 significantly knocked 
down the expression level of XBP1s compared with that for 
siXBP1s‑2 and ‑3. These results indicated that the expression 
level of XBP1s was increased in LUAD and in the A549 cell 
line.

XBP1s is positively associated with proliferation, colony 
formation, and cell viability in both the A549 and HBE cell 
lines. The aforementioned results confirmed the high protein 
and mRNA expression level of XBP1s in the A549 cells; 
therefore, it was investigated whether XBP1s was associated 
with the proliferation, colony formation, and cell viability 
of the A549 and HBE cell lines. Proliferation was detected 
using EdU staining. The cells positive for EdU staining were 
stained red and were in a mitotic state. The proliferation rate 
of the A549 cells was significantly decreased when the expres‑
sion level of XBP1s was knocked down. By contrast, it was 

Figure 3. Knockdown of XBP1s expression in the A549 cell line decreases proliferation, colony formation and cell viability, while overexpressing XBP1s in the 
HBE cell line increases proliferation, colony formation and cell viability. The A549 cell line was transfected with siNC or siXBP1s, while the HBE cell line 
was transfected with control or XBP1s overexpression vector. Then, (A) EdU staining, (B) colony formation assay and (C) cytotoxicity assay was performed 
to determine the number of EdU‑positive cells, number of colonies and cell viability, respectively. n=3. The data are presented as the mean ± SD. *P<0.05, 
***P<0.001, ****P<0.0001. XBP1s, spliced X‑box binding protein 1; NC, negative control; si, small interfering; OD, optical density.



INTERNATIONAL JOURNAL OF MOlecular medicine  49:  34,  2022 7

significantly increased when XBP1s was overexpressed in the 
HBE cell line (Fig. 3A). Similarly, colony formation ability was 
significantly reduced in the A549 cell line following knock 
down of XBP1s expression, but was significantly increased in 
the HBE cells following overexpression of XBP1s (Fig. 3B). 
Similar results were also obtained when cell viability was 
measured (Fig. 3C). In conclusion, XBP1s was associated with 
proliferation, colony formation and cell viability in both the 
A549 and HBE cell lines.

XBP1s is associated with migration, invasion and apoptosis 
in the A549 and HBE cell lines. In addition to proliferation, 
abnormally increased migration and invasion abilities and 

decreased apoptosis are also crucial factors that drive the 
worsening of tumor development (30,31). Therefore, it was 
investigated whether XBP1s was associated with migration, 
invasion and apoptosis in the LUAD cell line, and in the normal 
HBE cell line as a control. Transwell assay demonstrated that 
knock down of XBP1s expression decreased the numbers of 
migrating A549 cells, while overexpressing XBP1s resulted in 
increased numbers of migrating HBE cells (Fig. 4A). A wound 
healing assay demonstrated that the wound healing ability 
of the cells was decreased following knock down of XBP1s 
expression in the A549 cell line and was increased following 
overexpression of XBP1s in the HBE cell line (Fig.  4B). 
Annexin‑V FITC/PI double staining and flow cytometry was 

Figure 4. Knockdown of XBP1s expression in the A549 cell line decreases migration, wound healing rate, and increases apoptosis, while overexpressing 
XBP1s in the HBE cell line led to the opposite biological effects. The A549 cell line was transfected with siNC or siXBP1s, while the HBE cell line was 
transfected with control or XBP1s overexpression vector. Then, (A) Transwell assay, (B) wound healing assay and (C) flow cytometry was performed to analyze 
the migratory and wound healing ability, and apoptosis, respectively. The data are presented as the mean ± SD. n=3. **P<0.01, ***P<0.001, ****P<0.0001. XBP1s, 
spliced X‑box binding protein 1; NC, negative control; si, small interfering.
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performed to detect apoptosis in the cell lines. The apoptosis 
rate was increased in the A549 cell line following knock 
down of XBP1s expression and decreased in the HBE cell line 
following overexpression of XBP1s (Fig. 4C). These results 
showed that XBP1s was associated with migration, invasion 
and apoptosis in the A549 and HBE cell lines.

p‑JNK is the downstream target of XBP1s. To investigate 
the possible pathways that mediate the biological effects of 
XBP1s, GO and pathway enrichment analysis of the genes 
associated with XBP1 was analyzed using the LinkedOmics 
database. A total of 515 patients with LUAD from TCGA 
were analyzed. Genes that were associated with high XBP1 
expression were found using the Volcano plot (Fig.  5A). 
The GO terms from the genes associated with XBP1, based 
on the LUAD samples revealed that these genes were most 

frequently involved in protein processing in the endoplasmic 
reticulum (Fig. 5B). GSEA pathway enrichment revealed that 
both endoplasmic reticulum stress (Fig. 5C) and protein acti‑
vation cascade (Fig. 5D) were enriched with high expression 
of XBP1. As aforementioned, XBP1 is a transcription factor 
during ERS; therefore, it would be important to identify genes 
enriched in ERS. With respect to the enrichment of protein 
activation cascade, the MAPK pathway could be a possible 
candidate. In addition, activation of the MAPK pathway 
involves protein phosphorylation cascade and the MAPK 
pathway is a classic tumor‑related pathway (32). Furthermore, 
when the pathways enriched in NSCLC were analyzed, the 
MAPK pathway was associated (Fig. S1A). To further iden‑
tify whether the MAPK pathway was associated with XBP1, 
correlation analysis of XBP1 and the three main genes in the 
MAPK pathway was analyzed using a Pearson's correlation 

Figure 5. GO and pathway enrichment analysis of genes associated with XBP1. (A) Volcano plot representing genes highly associated with XBP1 using the 
LinkedOmics database. (B) GO (biological processes) analysis of genes associated with XBP1. GSEA pathway enrichment revealed the genes associated with 
XBP1 were enriched with response to (C) endoplasmic reticulum stress and (D) protein activation cascade. XBP1s, spliced X‑box binding protein 1; GO, Gene 
Ontology; FDR, false discovery rate.
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test. p‑JNK (MAPK8) was found to be the only highly posi‑
tively correlated gene both via LinkedOmics (Pearson's 
correlation, 0.09959; P=2.381x10-2) (Fig. 6A-a) and GEPIA 
database (Pearson's correlation, 0.18; P=1.7x10-5) (Fig. 6A-b). 
p‑ERK (MAPK1) was not correlated with XBP1s using the 
LinkedOmics database (Fig. 6B). p‑p38 (MAPK14) was not 
positively correlated with XBP1s using the LinkedOmics 
database (Fig. 6C). Correlation analysis between XBP1 and 
p‑ERK or p‑p38 was also performed using the GEPIA data‑
base (Fig. S1B), and neither were correlated. To further verify 
the association between XBP1s and the MAPK pathway, the 
protein expression level of proteins in the MAPK pathway was 
analyzed following knockdown of XBP1s expression. Since 
tumor cells often grow in a hypoxic microenvironment and it 
was aforementioned that XBP1s reached its peak expression 
level at 36 h when cultured in 2% O2, the cells transfected with 
siNC or siXBP1s were cultured under normoxic (21% O2, 36 h) 
or hypoxic (2% O2, 36 h) conditions and the protein expression 
level of proteins in the MAPK pathway was analyzed. p‑JNK 
expression was highly consistent with the expression level 
of XBP1s. The protein expression level of both p‑JNK and 
XBP1s were increased under hypoxic conditions compared 
with that in normoxic conditions. When XBP1s expression was 
knocked down in cells cultured under normoxic or hypoxic 

conditions, p‑JNK expression level was also decreased under 
both normoxic and hypoxic conditions. The expression levels 
of p‑ERK and p‑p38 were both increased under hypoxic 
conditions compared with that in normoxic conditions, but 
showed no change when XBP1s expression was knocked down 
under both normoxic and hypoxic conditions (Fig. 6D). Taken 
together, p‑JNK rather than p‑ERK or p‑p38 was found to be 
the downstream target of XBP1s.

Inhibition of p‑JNK mitigates the biological effects caused by 
overexpression of XBP1s. Since p‑JNK was hypothesized to be 
the downstream target of XBP1s, it was investigated whether 
inhibition of p‑JNK could mitigate the effects caused by XBP1s 
overexpression. The A549 cells were cultured under normoxia, 
hypoxia, hypoxia with XBP1s overexpression, hypoxia with 
XBP1s overexpression and inhibition of p‑JNK with SP600125. 
Hypoxia increased the proliferation rate (Fig. 7A and B), cell 
viability (Fig. 7C), colony formation ability (Fig. 7D and E), 
numbers of migrated cells (Fig. 8A), invasion ability (Fig. 8B), 
and decreased the apoptosis rate (Fig. 8C) of the A549 cells. 
XBP1s overexpression under hypoxia further enhanced these 
effects. However, cells treated with the p‑JNK inhibitor exhib‑
ited a notable decrease in these effects (Figs. 7A‑E and 8A‑C). 
Taken together, the results indicated that inhibiting p‑JNK 

Figure 6. Verification of p‑JNK MAPK as the downstream effector of XBP1s in the A549 cell line. Correlation analysis between XBP1 and p‑JNK (MAPK8) 
using (A-a) LinkedOmics and (A-b) GEPIA databases. (B) Correlation analysis between XBP1 and p‑ERK (MAPK1), and (C) p‑p38 (MAPK14) using the 
LinkedOmics database. (D) Western blot analysis was used to determine the expression level of XBP1s and proteins involved in the MAPK signaling pathway 
in the A549 cell line following knockdown of XBP1s expression under normoxic and hypoxic conditions. The protein expression was subsequently analyzed 
using densitometry. n=3. The data are presented as the mean ± SD. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. XBP1s, spliced X‑box binding protein 1; NC, 
negative control; si, small interfering; p, phosphorylated.
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with SP600125 alleviated the biological effects of the overex‑
pression of XBP1s.

Discussion

In brief, the results from the present study demonstrated that 
XBP1s promoted the development of LUAD via the p‑JNK 
MAPK pathway. XBP1s was expressed at notably high levels 
in lung cancer tissues compared with that in normal tissues, 
and in the A549 cell line compared with that in the HBE, 

H1299, PC9 and H460 cell lines. High expression of XBP1s 
promoted cell proliferation, colony formation, cell viability, 
migration, invasion, wound healing rate and reduction in 
apoptosis. Knockdown of XBP1s in the A549 cells resulted in 
the impairment of these prosurvival effects, while overexpres‑
sion of XBP1s in the HBE cell line resulted in enhancement of 
these effects. Further investigation revealed that p‑JNK was 
the downstream effector of XBP1s. Inhibition of p‑JNK with 
SP600125 abolished the increased prosurvival effects caused 
by overexpressing XBP1s.

Figure 7. Inhibition of p‑JNK mitigates the increased proliferation, cell viability and colony formation caused by overexpressing XBP1s. The A549 cell line 
was transfected with XBP1s overexpression or control vector, treated with or without JNK inhibitor and cultured under either normoxic or hypoxic condi‑
tions, then (A) EdU staining was performed and (B) EdU‑positive cell rates were analyzed. (C) Cytotoxicity assay was performed to measure cell viability. 
(D) Colony formation assay were performed and (E) the number of colonies was analyzed. n=3. The data are presented as the mean ± SD. *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001. XBP1s, spliced X‑box binding protein 1; OD, optical density.
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Targeting XBP1s for cancer therapy has been studied in 
numerous malignancies. In the tumor microenvironment, 
XBP1s cooperated with HIF1α to promote cell survival and thus 
enabled some tumor subtypes to grow under hypoxic condi‑
tions (33). In triple‑negative breast cancer, XBP1s was activated 
and drove tumorigenicity by forming a transcriptional complex 
with HIF1α and regulating its expression (10). In ovarian cancer, 
XBP1 was highly expressed in T cells and tumor‑associated 
dendritic cells, and upregulation of XBP1s expression impaired 
mitochondrial respiration and antitumor function (9,34). In 
pancreatic ductal adenocarcinoma, XBP1s was associated with 
immune escape and metastasis (35). In prostate cancer, XBP1s 

expression was notably increased, promoted cancer development 
and was associated with prognosis (8,36). In intestinal tumors, 
XBP1 determined the propensity of the epithelium to develop 
tumors by instructing a multilayered regenerative response 
in the intestinal epithelium (37). In glioblastoma multiform, 
IRE1‑XBP1 was associated with tumor progression (38). The 
protein expression level of XBP1s is usually increased in these 
tumors and associated with tumorigenicity, metastasis and poor 
prognosis. In some malignancies, such as breast cancer, knock‑
down of XBP1s expression selectively blocked the growth of 
tumor cells (39). All these studies demonstrate that XBP1s 
promoted tumorigenesis, progression and prognosis. However, 

Figure 8. Inhibition of p‑JNK mitigates the increased migration, wound healing rate, and the decreased apoptosis caused by overexpressing XBP1s. The A549 
cell line was transfected with XBP1s overexpression or control vector, treated with or without JNK inhibitor and cultured under either normoxic or hypoxic 
conditions. Then (A) Transwell assay, (B) wound healing assay and (C) flow cytometry were performed and migration and apoptosis was measured and quanti‑
fied. n=3. The data are presented as the mean ± SD. *P<0.05, **P<0.01, ****P<0.0001. XBP1s, spliced X‑box binding protein 1.
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studies investigating how XBP1s functions in lung cancer are 
relatively limited. In the present study it was demonstrated that 
XBP1s was associated with the development of LUAD via the 
p‑JNK MAPK pathway, providing further support for targeting 
XBP1s in LUAD treatment.

There are already drugs or inhibitors that target ERS 
for cancer therapy. Activation of ERS has been described in 
different human tumors, such as breast cancer, prostate cancer 
and kidney tumor, and in multiple cellular and animal models 
of cancer, such as murine cancer and prostate cancer cells (40). 
Tumor cells survive in a more hostile microenvironment, facing 
nutrient deprivation, oxygen limitation, high metabolic demand, 
and oxidative stress, and all these stimuli induce ERS in tumor 
cells. Sustained ERS endows malignant cells with greater tumor‑
igenic, metastatic and drug‑resistant ability (41). A large number 
of drugs or inhibitors that target IRE1α, PERK and ATF6 have 
been developed for cancer therapy. Among these IRE1α inhibi‑
tors, STF‑083010 and MKC‑3946 are already at the preclinical 
stage. Other IRE1α inhibitors, including MKC3946, B‑I09 and 
MKC8866, were proven to induce apoptosis, and inhibit tumor 
growth (42,43). These drugs and inhibitors provide exciting 
clinical perspectives for the treatment of various tumor subtypes, 
such as multiple myeloma xenografts and triple‑negative breast 
cancer (39,43,44). Based on the results from the current study, 
XBP1s played an important role in promoting survival in the 
A549 cell line. It is highly promising that IRE1α inhibitors 
would be applicable for patients with LUAD.

The role of IRE1α/XBP1s in lung cancer has not been thor‑
oughly studied; however, the role of MAPK in lung cancer has 
been investigated by numerous researchers, although the results 
are controversial. Some studies indicated that MAPK promoted 
the initiation and progression of tumors  (13,45), mediated 
proliferation and the antiapoptotic effects in LUAD (17,19), and 
was associated with poor survival and treatment resistance in 
lung cancer (46). However, other studies indicated that MAPK 
mediated migration inhibition (47) and the induction of cell 
apoptosis in tumors (16,18,48). The results from the present 
study were consistent with most studies (13,17,19,45,46). It was 
found that the MAPK pathway promoted tumor growth rather 
than suppressing it. In addition, it was found that p‑JNK MAPK 
mediated the survival‑promoting effects of XBP1s in the A549 
cell line; thus, contributing to the development of LUAD.

There are also some limitations to the present study. It was 
found that p‑JNK was the downstream effector that mediated the 
pro‑survival effects of XBP1s; however, whether it functioned 
via direct or indirect interaction requires further investigation. 
As a transcription factor, XBP1 is able to positively regulate 
protein phosphorylation (49), but how it promoted the phos‑
phorylation of JNK remains unknown. The upstream activator 
of XBP1s, IRE1 was reported to be able to activate JNK during 
ERS (50). Whether there is an interplay between IRE1/JNK 
and XBP1s/p‑JNK remains to be elucidated.

To conclude, it was found that XBP1s promoted the devel‑
opment of LUAD via the p‑JNK MAPK pathway. Targeting 
XBP1s/p‑JNK could be a potentially effective strategy for the 
treatment of LUAD.
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