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Abstract
Background: Inositol-requiring enzyme 1 (IRE1) is an endoplasmic reticulum (ER)-
resident transmembrane protein that senses ER stress and mediates an essential arm
of the unfolded protein response (UPR). IRE1 reduces ER stress by upregulating the
expression of multiple ER chaperones through activation of X-box-binding protein
1 (XBP1). Emerging lines of evidence have revealed that IRE1-XBP1 axis serves as a
multipurpose signal transducer during oncogenic transformation and cancer develop-
ment. In this study, we explore how IRE1-XBP1 signaling promotes chemoresistance
in lung cancer.
Methods: The expression patterns of UPR components and MRP1 were examined by
Western blot. qRT-PCR was employed to determine RNA expression. The promoter
activity was determined by luciferase reporter assay. Chemoresistant cancer cells were
analyzed by viability, apoptosis. CUT & Tag (Cleavage under targets and tagmenta-
tion)-qPCR analysis was used for analysis of DNA-protein interaction.
Results: Here we show that activation of IRE1α-XBP1 pathway leads to an increase in
MDR-related protein 1 (MRP1) expression, which facilitates drug extrusion and con-
fers resistance to cytotoxic chemotherapy. At the molecular level, XBP1-induced
c-Myc is necessary for SREBP1 expression, and SREBP1 binds to the MRP1 promoter
to directly regulate its transcription.
Conclusions: We conclude that IRE1α-XBP1 had important role in chemoresistance
and appears to be a novel prognostic marker for lung cancer.
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INTRODUCTION

Lung cancer continues to the most lethal cancer globally,
despite recent advancements in targeted and immunother-
apy treatment. Even though new therapeutic developments
have significantly improved the prognosis for some non-
small cell lung cancer (NSCLC) patients, approximately 60%
of NSCLC cases lack a targetable driver mutation, and only
about 20% cases may benefit from PD-1 or PD-L1
therapy.1–4 As a result, systemic chemotherapy is still pri-
mary treatment for NSCLC. However, cancer cells are natu-
rally able to handle the additional stress, they may become
resistant to chemotherapy (chemoresistance). Increased
drug efflux, drug inactivation, and modifications to drug tar-
gets, can lead to drug elimination within tumors and adapta-
tion to chemotherapeutics.5,6

About one-third of the protein in a cell is synthesized,
folded, and transported by the endoplasmic reticulum (ER),
which plays a significant role in maintaining the homeosta-
sis of proteins within the cell. In addition, the ER plays a
critical role in controlling several metabolic processes
including carbohydrate metabolism, lipid biosynthesis, and
calcium ion homeostasis. Numerous internal and external
insults constantly threaten the integrity of the ER, and many
of which can activate the unfolded protein response (UPR),
a signaling pathway that is triggered to alleviate ER stress
and restore metabolic and protein processing functions.7

PERK, IRE1α, and ATF6 are three ER stress sensors that are
activated during UPR. Among these UPR sensors, inositol-
regulated kinase 1 (IRE1, also known as ERN1) is most evo-
lutionarily conserved and widely expressed in mammalian
cells. Mammals have two IRE1 isoforms, designated IRE1α
and IRE1β, with IRE1α found to be ubiquitously expressed,
whereas IRE1β expression is restricted to intestinal cells.8

IRE1α is a single transmembrane protein kinase that also
displays nuclease activity. Ire1α-dependent splicing activity
is responsible for the accumulation of XBP transcription fac-
tor (XBP1s).8 By activating XBP1, IRE1α increases the
expression of numerous ER chaperones to reduce ER stress.

Due to the fact that cancer typically arises and pro-
gresses in a stressful microenvironment, cancer cells may
utilize UPR activation as a survival strategy.9 Previous stud-
ies have demonstrated that activation of the UPR is associ-
ated with several aspects of cancer progression in multiple
types of cancer.9 One crucial role of IRE1α-XBP1s in cancer
development is to trigger oncogenic c-MYC signaling.10

MYC is a basic helix-loop-helix leucine zipper (bHLH-LZ)
transcription factor capable of forming heterodimers with
another bHLH-LZ protein, MAX, binding to the E-box ele-
ment CACGTG, and regulating hundreds of expressed
genes, either positively or negatively, depending on the cel-
lular context. MYC affects basic cellular functions like
growth, division, apoptosis, and energy metabolism.11,12 It is
regulated both transcriptionally and post-transcriptionally.
Overexpression of MYC in various cell types directly leads
to malignant transformation and is a hallmark of many
human cancers.11

Sterol regulatory element-binding proteins (SREBPs) are
membrane-bound transcription factors involved in lipid
metabolism.13 They possess a cytoplasmic N-terminal
domain belonging to the basic helix-loop-helix-leucine zip-
per (bHLH-LZ) family, which, upon binding to sterol
response elements (SREs) in gene promoters, initiates gene
transcription. The C-terminal domain of SREBPs interacts
with the SREBP-cleavage activating protein (SCAP) in the
ER membrane. In the presence of high cellular cholesterol
levels, INSIG stabilizes and binds to SREBP-SCAP, retaining
this complex in the ER membrane. Conversely, under low
cholesterol conditions, SCAP changes conformation, leading
to INSIG release. Subsequently, the activated SREBP/SCAP
complex translocate from the ER to the Golgi apparatus for
proteolytic processing, liberating the active N-terminal of
SREBP. This enables SREBP to enter the nucleus, bind to
SREs, and regulate gene expression.13 Over the past three
decades, SREBPs have been recognized for their multifunc-
tional roles, integrating diverse cellular signals to modulate
pathways crucial for lipid synthesis and various biological
processes like ER stress, inflammation, autophagy, and apo-
ptosis. Consequently, SREBPs play a significant role in the
pathogenesis of diseases such as diabetes, fatty liver disease,
chronic kidney disease (CKD), neurodegenerative disorders,
and cancer.14–16 Understanding how these signal pathways
precisely regulate one another’s functions, how they are
interdependent will be critical. In this study, we have
revealed the essential function of the IRE1α-XBP1 axis in
NSCLC chemoresistance. Mechanistically, UPR activation
leads to an increase in ATP-binding cassette (ABC) trans-
porter MRP1 expression, which facilitates drug extrusion
and confers resistance to cytotoxic chemotherapy. At the
molecular level, ER stress-induced c-Myc is necessary for
SREBP1 expression, and SREBP1 binds to the MRP1 pro-
moter to directly regulate its transcription. Our findings
identify a novel mechanism of NSCLC’s chemoresistance,
which is mediated by UPR activation.

MATERIALS AND METHODS

Cells, transfection, antibodies, plasmids,
reagents

The A549 and H1299 cell lines, both of which are human
lung adenocarcinoma, were cultured in DMEM (Hyclone,
Logan, UT, USA) supplemented with 10% fetal bovine
serum (FBS, Gibco BRL, Grand Island, NY, USA) at 37�C in
a 5% CO2 humidified environment. To facilitate transfec-
tion, A549 and H1299 cells were seeded in six-well plates
(105 cells per well) and grown until they reached 70% con-
fluence before transfecting plasmids using PolyJet DNA
Transfection Reagent (SignaGen Laboratories, Gaithersburg,
MD, USA) following the manufacturer’s instructions.
Anti-ATF6 (K001590P), Anti-MRP1 (K003560P), and Anti-
GPR78 (K000234M) antibodies were purchased from Solar-
bio (Beijing Solarbio Science & Technology, Beijing, China).
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Anti-XBP1 (A1731) antibodies were obtained from ABclo-
nal (ABclonal, Wuhan, China). Anti-p-IRE1α, Anti-PARP
(#9542), Anti-SREBP1 (#95879), and Anti-c-Myc (#9402)
antibodies were purchased from Cell Signaling Technology
(Danvers, MA, USA). Anti-β-actin (#A1978) antibodies
were obtained from Sigma (Victoria, BC, Canada). The plas-
mids of pCMV5-Flag-XBP1s (no. 63680), IRE1 alpha-
pcDNA3.EGFP (no. 13009), and pcDNA3.3-c-Myc were
purchased from Addgene (Cambridge, MA, USA).
4-Phenylbutyric acid (4-PBA, P21005) was purchased from
Sigma. Thapsigargin (TG, ab120286) from Abcam. Cisplatin
solution (H20040813) was purchased from HANSOH
PHARMA (Jiangsu, China). Doxorubicin Hydrochloride
was obtained from Shenzhen Main Luck Pharmaceuticals
Inc. (Shen zhen, China). Sequences of siRNA are listed in
Table 1.

MTT assay

Cell viability was determined using a
3-(4,5-dimethylthiazole-2-yl)-2.5-diphenyl tetrazolium bro-
mide (MTT) (Beyotime Institute of Biotechnology, Shang-
hai, China) following the designated treatment, cells
underwent a PBS wash and were subsequently incubated
with fresh medium containing MTT solution (0.5 mg/mL)
for 4 h at a temperature of 37�C. The resultant formazan
crystals were dissolved using dimethyl sulfoxide (DMSO),
and the absorbance was measured at a wavelength of
570 nm using a BioTek citation 5 plate reader (BioTek,
Winooski, VT, USA).

Analysis of apoptosis

To assess cell apoptosis, the Annexin V-FITC/PI assay was
employed, utilizing the Annexin V-FITC Apoptosis Detec-
tion Kit (KeyGEN Biotech, Jiangsu, China). Flow cytometric
analyses were rigorously conducted using a BD FACSVerse
Flow Cytometer (Becton Dickinson, Franklin Lakes, NJ,
USA). Briefly, cells were harvested and stained with Annexin
V-FITC and PI at room temperature. The apoptotic index
was derived from the percentage of apoptotic A549 and
H1299 cells. To ensure robustness and reproducibility, this
procedure was repeated across three independent
experiments.

Western blot

After subjecting the cells to treatment, they were scraped
and homogenized utilizing heated Laemmli sample buffer
(S3401, Sigma, Victoria, BC, Canada). The resultant homog-
enate was then separated using SDS-PAGE and subse-
quently transferred to a nitrocellulose (NC) membrane
(GE Healthcare, Piscataway, NJ, USA). Upon application of
different antibodies for detection, the signals were captured
and scanned using the Chemiluminescence system AI680
(Protein Simple, San Jose, CA, USA).

Nuclear and cytoplasmic fractions were prepared using
the cytoplasmic and nuclear protein extraction kit
(Beyotime). Briefly, NSCLC cells were lysed with buffer A
(50-mM Tris–HCl [pH 8.0], 10-mM NaCl, 5-mM MgCl2,
and 0.5% [v/v] NP-40). After a 20-min incubation period,
cytosolic extracts were collected following centrifugation at
12000 g for 5 min. Nuclear pellets were washed with lysis
buffer A and subsequently resuspended in lysis buffer B
(20-mM Hepes [pH 7.9], 0.5-mM NaCl, 1-mM EDTA, and
1-mM dithiothreitol [DTT]). After an additional 20-min
incubation, nuclear extracts were obtained by centrifugation
at 12000 g for 10 min.

Dual luciferase reporter assays

The reporter constructs were co-transfected along with the
Renilla luciferase vector into the cellular environment. Subse-
quently, the dual luciferase reporter assay system (Promega)
was utilized to ascertain the expression levels of both firefly
luciferase and Renilla luciferase. The summarized findings are
exhibited as the mean value obtained from triplicate measure-
ments, accompanied by the standard deviation (SD).

Quantitative real-time RT–PCR analysis

Following cell treatment, Trizor (Invitrogen, Waltham, USA)
extraction methodology was used to isolate cellular RNA. Sub-
sequently, reverse transcription into complementary DNA
(cDNA) utilizing the PrimeScript First Strand cDNA Synthesis
Kit (TaKaRa Bio, DaLian, China) was performed. The TB
Green Master Mix (procured from Applied Biosystems,
Thermo Fisher Scientific, Waltham, MA, USA) was employed
for fluorescence-based detection on the Roche LightCycler
96 platform (Roche, Switzerland). Triplicate amplification
runs were performed for each sample to ensure robustness of
results. All RT-PCR primer sequence are listed in Table 2.

Hoechst 33342 efflux assays

Initiate the experiment by subjecting the cells to TG
(30 nM) treatment for a duration of 12 h. Subsequently, a
thorough washing of the cells was performed utilizing
a 1xPBS solution proceeded by substituting the existing
medium with fresh Hoechst medium (10 μg/mL). The cells

T A B L E 1 Sequences of siRNA.

Gene
Genebank accession
number Target sequence (50-3)

si-
SREBP1

NM_004176 CUCCUGCUUGAGUUUCUGGTT

si-
MRP1

NM_004996 GAUGACACCUCUCAACAAAdTdT

si-c-
Myc

NM_002467 GGAAACGACGAACAGUU

2118 XU ET AL.



were allowed to further incubate for 20 min at 37�C in the
incubator. The calcium channel blocker verapamil (10 μM)
was introduced the experimental setup following this incu-
bation, and subsequently the incubation was continued for
an additional 10 min. The fluorescence intensity assessments
were conducted employing the BioTek citation 5 system
(manufactured by BioTek, Winooski, VT, USA).

Cloning and DNA construction

The SREBP1 promoter is inserted into the pGL3-BASIC
(Promega, Madison, WI, USA) fluorescent plasmid from the
Hind III and Kpn I sites. Site-specific mutagenesis utilizing
the overlapping PCR extension technique was employed to
introduce point mutations into the SREBP1 promoter, with
the longest SREBP1 promoter serving as the template. The
primers are listed in Table 3.

Cleavage under targets and tagmentation
(CUT&Tag)

We employed Cleavage Under Targets and Tagmentation
(CUT&Tag), an immunotethering technique, to verify the
in vivo binding of SREBP1 to the promoter of MRP1.
The experiment was conducted following the manufacturer’s
instructions for the Novo CUT&Tag High-Sensitivity Kit
(N259-YH01, Novoprotein, China). After harvesting and
washing of cells in Wash Buffer. The cells, bound to ConA
magnetic beads, were subsequently resuspended in 50 μL of
precooled Primary Antibody Buffer containing 1 μg of spe-
cific primary antibody (SREBP1). IgG served as the control
antibody. Following the incubation with the primary anti-
body, the samples were washed to remove unbound primary
antibodies and then resuspended in Wash Buffer containing
the secondary antibody. These samples were incubated at
37�C for 1 h. Subsequently, the cells were resuspended in
Tagmentation Buffer and incubated again at 37�C for 1 h.
Beads were added to each tube to extract the DNA. The
purified DNA obtained from this process was utilized as a
template for standard PCR and quantitative real-time PCR
(qRT-PCR). The standard PCR products were analyzed on a
1.2% agarose gel to visualize qRT-PCR results. The primer
for CUT&Tag are listed in Table 4.

Statistical analysis

Statistical assessments were executed utilizing analysis of
variance (ANOVA) via GraphPad Prism 6 (GraphPad Soft-
ware Inc., San Diego, CA, USA). The results are expressed
as the mean ± standard deviation (S.D.) derived from three
distinct and replicated experimental iterations. Statistical
significance was deemed achieved when the p-value result-
ing from a two-tailed test fell below 0.05.

RESULTS

Activation of IRE1α-XBP1 axis of UPR induces
MRP1 expression and chemoresistance in
NSCLC cells

We first examined the relationship between ER stress and
chemotherapy resistance in NSCLC. We pretreated NSCLC
cell lines A549 and H1299 with ER stress inducer Thapsigar-
gin (TG) for 2 h, then treated the cells with

T A B L E 3 Primers used for PCR amplifications.

Gene

Genebank
accession
number Primer (50 >30)

ABCC1 NM_004996 Forward:
AATACTACTTTCTGATGTCGGGGGT
TGTGA
Reverse:
TCACAACCCCCGACATCAGAAAGTA
GTATT

ABCC1 NM_004996 Forward:
AATACTACTTCTTACCTACTGGGGT
TGTGA
Reverse:
TCACAACCCCCGACATCAGAAAGTA
GTATT

ABCC1 NM_004996 Forward:
CGGGGTACCAACAATCCTATCTACC
TTCCTCCT
Reverse:
CCCAAGCTTCCACACACCCTGCGAC
CACTTTTCAA

SREBF1 NM_004176 Forward:
TTTGTTCTCTGTGTTCTCCAGCAGTT
Reverse:
AAAGTTCCTCGGAAACTGGGTTCC

TAB L E 4 Primers used for CUT&tag qRT-PCR amplifications.

Gene
Genebank accession
number Primer (50 >30)

ABCC1 NM_004996 Forward:
GGCTTAATCACTTACCATCT

Reverse:
TTCCTAAGGCTGTGTTCTT

T A B L E 2 Primers used for RT-PCR amplifications.

Gene
Genebank accession
number Primer (50 >30)

ABCC1 NM_004996 Forward:
AGCCGGTGAAGGTTGTGTAC

Reverse:
TGACGAAGCAGATGTGGAAG

β-Actin NM_001101.5 Forward:
CCAACCGCGAGAAGATGAC

Reverse:
GAGGCGTACAGGGATAGCACA
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chemotherapeutic drug etoposide, and found that the TG-
treated cells showed enhanced etoposide resistance at differ-
ent time points and different concentrations (Figure 1a,b).
Apoptosis experiments also confirmed that TG could induce
NSCLC resistance to etoposide-induced apoptosis
(Figure 1c). ER stress maintains cell homeostasis through
three classical pathways. By bioinformatics analysis, we

found that one of the pathways, IRE1α encoded by ERN1
and chemotherapeutic drug efflux protein ABCC1 gene were
positively correlated (Figure 1d). ABCC1 encodes the MDR-
related protein 1 (MRP1) protein, which is highly expressed
in lung cancer (Figure 1e) and negatively correlated with the
prognosis in NSCLC (Figure 1f). Western blot results
showed that TG not only induced ER stress but also dose-

F I G U R E 1 Legend on next page.
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dependently induced MRP1 protein expression, this was
paralleled with IRE1α-XBP1 downstream target Bip/GPR78
expression (Figure 1g). Moreover, overexpression of IRE1α
cDNA in A549 and H1299 cells significantly increased
MRP1 expression (Figure 1h). IRE1α’s function is to induce
the splicing and nuclear translocation of transcription factor
XBP1. Thus, the control and TG-treated cells were fraction-
ated to cytoplasm and nuclear fractions, and the spliced
XBP1s levels was examined by Western blot. As expected,
TG-treated cells had significant nuclear XBP1s protein
(Figure 1i). Furthermore, overexpression of active XBP1s
cDNA also significantly increased MRP1 expression
(Figure 1j). Using the ER stress inhibitor 4-PBA to pretreat
cells, we found that 4-PBA reversed the TG-induced MRP1
in parallel with Bip/GPR78 expression (Figure 1k). Signifi-
cantly, TG-induced chemoresistance, as indicated by
increased cell survival, was reversed by depletion of either
IRE1α, XBP1, or MRP1 (Figure 1l–n). These results demon-
strate that the IRE1α-XBP1 pathway leads to the induction
of MRP1 expression, which in turn increases
chemoresistance.

Induction of MRP1 mediates ER stress-induced
chemoresistance

MRP1 belongs to the ABC transporter protein family. It has
been established that the expression of ABC transporter pro-
tein family contributes to drug efflux, leading to cellular
resistance to cytotoxic chemotherapy. Therefore, we first
conducted Hoechst efflux experiments in TG-treated cells to
detect the efflux of the fluorescent dye Hoechst 33342. As
seen in Figure 2a, the fluorescent intensity in TG-treated
cells decreased, indicating that TG was able to efflux the
Hoechst dye. The decreased apoptosis and increased cell
survival of TG-treated cells upon exposure to the established
MRP/ABCC substrates Doxorubicin and Cisplatin is also in
line with MRP1 mediating cellular efflux of a variety of

xenobiotics (Figure 2b,c). Crucially, depletion of MRP1 by
siRNA rescued increased cell apoptosis in TG-treated cells,
manifested by decreased cell survival (Figure 2d) and
increased levels of cleaved-PARP (Figure 2e). Overall, the
data indicate that TG promotes chemoresistance by upregu-
lating MRP1.

SREBP1 mediates ER stress-induced MRP1
expression

Our next goal was to investigate the molecular mechanism
by which ER stress promotes MRP1 expression. We first
used quantitative PCR to measure the mRNA level of
MRP1 in TG-treated A549 cells and found that TG dose-
dependently promoted MRP1 mRNA expression
(Figure 3a). We also found that TG enhanced the activity
of the MRP1 promoter (Figure 3b). This suggests that TG
induces MRP1 expression at the transcriptional level.
Therefore, we hypothesized that XBP1 might bind to the
MRP1 promoter to directly promote its transcription.
However, this hypothesis was not supported as we did not
find any XBP1 binding sites in the MRP1 promoter
sequence by bioinformatics analysis. Our previous work
has shown that ER stress can induce metabolic reprogram-
ming in lung cancer cells.17 We found two putative sterol
regulatory element-binding protein 1 (SREBP1) binding
sites on the MRP1 promoter (Figure 3c). SREBP1 plays a
key role in tumor lipid metabolism. Therefore, we next
want to explore whether SREBP1 mediates ER stress-
induced MRP1 expression. Overexpression of the full-
length SREBP1 cDNA not only increased the cleaved and
active SREBP1, but also greatly increased the expression of
the MRP1 protein (Figure 3d). Similarly, knocking down
SREBP1 greatly reduced MRP1 expression (Figure 3e). We
simultaneously found that TG and overexpression of IRE-
1α could induce active cleavage of SREBP1 and MRP1
expression. Importantly, TG and overexpression of IRE-

F I G U R E 1 Endoplasmic Reticulum Stress Orchestrates Chemotherapy Resistance Through the IRE1α-XBP1-MRP1 Axis. (a) The A549 and H1299 cells
were treated with etoposide (40 μM) for different time point (left panel) and various concentrations (right panel) in the presence or absence of TG (30 nM).
MTT assay was used to detect cell viability (*p < 0.05, **p < 0.01, ***p < 0.001 for difference from control cells). (b) The A549 and H1299 cells were
pretreated with TG (30 nM) for 2 h and then were treated with etoposide (20, 40, and 60 μM) for 48 h. Cell viability was assessed using the MTT assay.
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 for difference from control cells). (c) H1299 and A549 cells were treated with etoposide (40 μM) in the
presence or absence of TG (30 nM). Flow cytometry analysis revealed that TG could induce resistance to etoposide in NSCLC. The bars represent the mean
± S.D. of triplicates (***p < 0.001, ****p < 0.0001 for difference from control cells, #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 for difference from
etoposide-treated cells by ANOVA with Dunnett’s correction for multiple comparisons, ns means no statistical difference). (d) The correlation between
ABCC1 with UPR related gene ERN1 (IRE1) expression from GEPIA data (GEPIA-LUAD). (e) The results of the TCGA database statistical analysis reveal
that the MRP1 protein encoded by ABCC1 is highly expressed in cancer cells. (f) The results of the GEPIA database reveal a correlation between the
expression of MRP1 and the prognosis of lung cancer cell. (g) Western blot revealed that treating H1299 and A549 cells with TG (15, 30 nM) for 48 h
resulted in a dose-dependent enhancement of MRP1 protein expression. (h) The cells were transfected with IRE1α and XBP1s cDNA for 48 h. Western blot
analysis demonstrated an increase in the expression level of MRP1 upon overexpression of IRE1α and XBP1s. (i) Cells treated with TG (30 nM) for 12 h or
untreated subjected to subcellular fractionation. Equivalent celly lysates from cytoplasmic and nuclear fraction were analyzed by Western blot for subcellular
localization of XBP1s. (j) After transfecting cells with XBP1s cDNA, Western blot analysis revealed the expression level of XBP1s and MRP1. (k) Western blot
analyzed the expression levels of Bip/GRP78, phosphorylated IRE1α, XBP1s, ATF6, and MRP1 after treatment A549 and H1299 cells with 4-PBA (10 mM) in
the presence or absence of TG (30 nM). (l–n) The A549 and H1299 cells were first transfected with siRNA of IRE1α, XBP1s or MRP1. At 48 h post-
transfection, cells were treated with etoposide for 24 h in the presence and absence of TG followed by MTT assay (****p < 0.001 for difference from control
cells, ####p < 0.0001 for the difference from etoposide-treated cells, $$$$p < 0.001 for difference from etoposide and TG-treated cells by ANOVA with
Dunnett’s correction for multiple comparisons).
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1α-induced MRP1 expression was reversed by SREBP1
siRNA (Figure 3f,g). To further explore this, we also
probed for the subcellular location of SREBP1. After IRE-
1α overexpression, SREBP1 expression in the nucleus was
found to be significantly higher, as shown in Figure 3h.
These results indicate that SREBP1 mediates ER stress-
induced MRP1 induction. To prove that SREBP1 directly
regulates MRP1 transcription, we cloned the MRP1 pro-
moter containing two predicted SREBP1 binding sites
(1412) into a luciferase reporter gene (Figure 3c). As
expected, overexpression of SREBP1 strongly increased the
activity of the MRP1 promoter (Figure 3i), while knock-
down of SREBP1 markedly reduced the activity of the
MRP1 promoter (Figure 3j). Markedly, TG and overexpres-
sion of IRE-1α-increased the activity of the MRP1 pro-
moter was reversed by SREBP1 siRNA transfection
(Figure 3k). Additionally, we used site-directed

mutagenesis to mutate the binding site of SREBP1, which
is distant from the transcription start site, to non-binding
site (1412-Mut) (Figure 3l upper panel). As shown in
Figure 3m, overexpression of SREBP1 also significantly
enhanced the activity of the MRP1 promoter, and crucially,
mutation of the SREBP1 binding site abolished the respon-
siveness of the MRP1 promoter activity to SREBP1 overex-
pression. At the same time, we subcloned the reporter
construct to contain only one SREBP1 binding site (408)
(Figure 3l lower panel). Surprisingly, overexpression of
SREBP1 did not increase the fluorescence intensity of the
reporter gene, which contained only one SREBP1 binding
site (Figure 3n). In order to confirm that SREBP1 binds the
promoter of MRP1 directly, we conducted CUT&Tag
(Cleavage under targets and tagmentation)-qPCR analysis,
a recently developed genome-wide immunotethering assay
for protein-DNA interaction. When SREBP1 was expressed

F I G U R E 2 Reversal of MRP1 Enhances Cellular Sensitivity to Drugs. (a) After treating cells with TG (30 nM) for 12 h, cells were either left untreated or
treated with the ABC transporter inhibitor Verapamil (10 μM). Representative histogram profiles of untreated cells (control), cells treated with 30 nM TG,
10 μM Verapamil, and the combined treatment of TG and Verapamil. The quantitative results are presented in the right panel, with data represented as the
mean ± S.D. of triplicate measurements. Statistical analysis was performed using ANOVA with Dunnett’s correction for multiple comparisons, indicating
****p < 0.0001 for the difference from control cells and ####p < 0.0001 for the difference from TG-treated cells. (b) H1299 and A549 cells were first
transfected with MRP1 siRNA, At 48 h post-transfection, cells were treated with Diaminodichloroplatinum (DDP, 30 μM) or Doxorubicin (30 μM) in the
presence or absence of TG (30 nM). Flow cytometry analysis revealed MRP1 siRNA rescued increased cell apoptosis in TG-treated cells depletion of MRP1
by siRNA rescued increased cell apoptosis in TG-treated cells (**p < 0.01 for difference from control cells, ##p < 0.01 for the difference from DDP or
Doxorubicin-treated cells, $$p < 0.01 for difference from DDP or Doxorubicin and TG-treated cells by ANOVA with Dunnett’s correction for multiple
comparisons). (c) The A549 and H1299 cells were treated with DDP or Doxorubicin for different time point (Left panel) and various concentrations (Right
panel) in the presence or absence of TG (30 nM). MTT assay was used to detect cell viability (*p < 0.05, **p < 0.01, ***p < 0.001 for difference from control
cells). (d) After transfecting with MRP1 siRNA for 48 h, cells were treated with DDP (30 μM) or Doxorubicin (30 μM) for 36 h in the presence or absence of
TG (30 nM). MTT assay was used to detect cell viability. (****p < 0.001 for difference from control cells, ####p < 0.0001 for the difference from DDP or
Doxorubicin-treated cells, $$$$p < 0.001 for difference from DDP or Doxorubicin and TG-treated cells by ANOVA with Dunnett’s correction for multiple
comparisons). (e) The A549 and H1299 cells were first transfected with MRP1 siRNA. At 48 h post-transfection, cells were treated with etoposide, DDP, and
Doxorubicin in the presence and absence of TG followed by Western blot analysis of Cleaved-PARP.
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ectopically in cells, the region covering the SREBP1 bind-
ing site was specifically immunoprecipitated with ChIP-
grade SREBP1 antibody (Figure 3o). In addition, CUT&-
Tag-qPCR assay did not reveal that XBP1 binds this region
of MRP1 promoter (Figure 3o). Therefore, we concluded

that SREBP1 binds to one of the sites to directly regulate
transcription of MRP1. More importantly, SREBP1 siRNA
was able to reverse TG-induced resistance to etoposide
(Figure 3p), indicating SREBP1 is relevant mechanism of
TG-induced chemoresistance.

F I G U R E 3 Legend on next page.
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Induction of c-Myc by IRE1-XBP1 is required
for SREBP1-induced chemoresistance

The results so far suggest that ER stress-induced SREBP1
contributes to chemotherapy resistance by increasing the
expression of MRP1. It remained unclear how IRE1-XBP1
upregulates SREBP1. Unexpectedly, no XBP1 binding sites
were found on the SREBP1 promoter. According to the liter-
ature review, we found that XBP1 can activate c-Myc in
prostate cancer cells and natural killer cells,10,18 while c-Myc
can activate SREBP1 in hepatocellular carcinoma cells.19

Therefore, we aim to determine whether c-Myc mediates
induction of SREBP1 by XBP1 in lung cancer cells. We
found that overexpression of c-Myc indeed induced cleavage
of SREBP1 and promoter activity of SREBP1 (Figure 4a,b).
Importantly, TG dose-dependently upregulated c-Myc
expression in lung cancer cells (Figure 4c). Likewise, overex-
pression of IRE1α and XBP1 cDNA also promoted c-Myc
expression (Figure 4d,e). Importantly, the SREBP1 induced
by IRE1α and XBP1 cDNA could be reversed by c-Myc
siRNA (Figure 4f,g). Crucially, depletion of c-Myc by siRNA
rescued the etoposide-induced cell death in TG-treated cells
(Figure 4h), indicating that induction of c-Myc by ER stress
is functionally relevant for SREBP1-induced
chemoresistance.

DISCUSSION

Lung cancer continues to be the leading cause of cancer-
related deaths worldwide, with NSCLC accounting for over
80% of cases. Significant resistance to chemotherapy con-
tributes to the poor prognosis of advanced lung cancer.
Therefore, tremendous efforts have been undertaken to

discover novel genes and signaling networks involved in
chemotherapy resistance. In recent years, there has been a
growing recognition of the contribution of UPR signaling to
tumor development. It is now widely believed that ER stress
and UPR activation plays a crucial role in the progression of
various cancers and also in their resistance to chemotherapy.
In this report, we used well-known ER stressor Thapsigargin
(TG) to induce acute ER Stress. Our research has revealed
that the IRE1α-XBP1 pathway plays a crucial part in che-
moresistance in NSCLC. Mechanistically, SREBP1 is
induced under acute ER stress conditions to promote MRP1
expression, thus facilitating drug efflux and provides resis-
tance against cytotoxic chemotherapy.

The main product of IRE1α’s RNase activity is the tran-
scription factor XBP1s, which has been linked to carcino-
genesis previously. XBP1s is overexpressed in various
cancers including lung cancer. Overexpression of XBP1s can
directly promote tumorigenesis in cancer cells, this is seen
in chronic lymphocytic leukemia,20 and targeting the activa-
tion of IRE1α and subsequent XBP1 splicing in preclinical
models of multiple myeloma has shown promising results.21

Furthermore, it has been demonstrated that XBP1s contrib-
utes to the in vivo promotion of TNBC tumor recurrence.22

Despite considerable understanding of its role in other
malignancies, the potential function of the IRE1α-XBP1s
signaling in lung cancer remains unclear. In this study, it is
demonstrated for the first time that the IRE1α-XBP1 path-
way induces MRP1 expression, which confers resistance to
cytotoxic chemotherapy. Overexpression of IRE1α cDNA or
active XBP1 cDNA in NSCLC cells significantly increased
MRP1 expression, and depletion of either IRE1α or XBP1
reversed TG-induced chemoresistance. Furthermore, we
have recently discovered that the IRE1α-XBP1 axis plays a
fundamental role in reprogramming lung cancer cell

F I G U R E 3 SREBP1 Mediated Regulation of MRP1 Expression Induced by Endoplasmic Reticulum Stress. (a) After treating cells with TG (30 nM), the
mRNA levels of MRP1 were assessed by real-time qPCR. (b) TG (30 nM) and exogenous XBP1 cDNA significantly increased the promoter activity of MRP1.
(c) There are two putative binding sites for SREBP1 on the MRP1 promoter. (d) Following 48-h transfection of SREBP1 cDNA, Western blot results revealed
the expression of full-length SREBP1, cleaved (active) SREBP1, and MRP1. (e) H1299 and A549 cells were transfected for 48-h with SREBP1 siRNA or
control siRNA. Western blot results revealed the expression of full-length SREBP1, cleaved SREBP1 (active), and MRP1. (f) After transfection cells with
SREBP1 siRNA, cells were further treated with TG (30 nM) for an additional 12 h. Western blot analysis revealed the expression of p-IRE1α, XBP1s,
SREBP-P, SREBP-N, and MRP1. (g) 48 h before Western blot experiments, cells were co-transfected with IRE1α cDNA and SREBP1 siRNA. Western blot
analysis revealed the expression of IRE1α, XBP1s, SREBP-P, SREBP-N, and MRP1. (h) Western blot analysis of cytosolic and nuclear extracts of SREBP1from
TG (30 nM) or untreated cells. (i) H1299 cells were co-transfected with MRP1 promoter reporter construct 1412 and SREBP1 cDNA plasmid. 48 h after
transfection, luciferase activity was determined and normalized using the dual luciferase reporter system (***p < 0.001 for difference from control cells).
(j) H1299 cells were co-transfected with MRP1 promoter reporter construct 1412 and SREBP1 siRNA. Transfection of SREBP1 siRNA significantly reduced
the promoter activity of MRP1. (k) The cells were co-transfected with MRP1 promoter and SREBP1 siRNA in the presence and absence of TG (30 nM) (Left
panel) or co-transfection with IRE1α cDNA (Right panel). Luciferase activity was determined and normalized using the dual luciferase reporter system
(**p < 0.01, ***p < 0.001 for difference from control cells, ###p < 0.001 for the difference from TG or transfected with IRE1α cDNA cells by ANOVA with
Dunnett’s correction for multiple comparisons). (l) Schematic representation of two designated constructs of MRP1 promoter (1412-Mut and 408). (m) Cells
were co-transfected either MRP1 promoter reporter construct 1412 or mutated MRP1 promoter reporter (1412-Mut) with SREBP1 cDNA. After 48-h
transfection, luciferase activity was determined and normalized using the dual luciferase reporter system. (***p < 0.001 for difference of wild-type MRP1
promoter, ####p < 0.0001 for difference of mutated MRP1 promoter). (n) The cells were either co-transfected MRP1 promoter reporter construct 1412 or the
short length MRP1 promoter construct 408 with SREBP1 cDNA. Luciferase activity was determined and normalized using the dual luciferase reporter system.
(o) qRT-PCR were taken to analyze the CUT&Tag results. qRT-PCR products were run on a gel (Right panel). qRT-PCR results were quantified and are
indicated (Left panel) (***p < 0.001 for difference from IgG-added cells). (p) After transfecting with SREBP1 siRNA alone or co-transfected with IRE1α
cDNA for 48 h, cells were treated with etoposide (40 μM) in the presence or absence of TG (30 nM). MTT assay was used to detect cell viability.
(****p < 0.001 for difference from control cells, ####p < 0.0001 for the difference from etoposide-treated cells, $$$$p < 0.001 for difference from SREBP1
siRNA and TG-treated cells by ANOVA with Dunnett’s correction for multiple comparisons).
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metabolism,17 suggesting that IRE1α-XBP1 signaling may
have particular relevance in ER-associated tumorigenesis in
NSCLC.

The capacity of the human ABC transporter multidrug
resistance protein 1 (MRP1), encoded by the ABCC1 gene,
to confer multidrug resistance in lung cancer cells led to its
initial discovery. MRP1 mediates the active efflux of differ-
ent antitumor drugs against the concentration gradient,
which lowers drug accumulation and causes drug resistance
in tumor cells.6,23 Recent reports have also suggested that
MRP1 can recognize and transport novel “targeted” antican-
cer drugs, such as small-molecule tyrosine kinase inhibitors
(TKIs).23 Crucially, most studies consistently validate
MRP1’s role in mediating drug resistance commonly seen in
NSCLC, prostate cancer, and some breast cancers.24 Fur-
thermore, high-level expression of ABCC1 is a strong inde-
pendent predictor of a poor prognosis in primary
neuroblastomas based on both retrospective and prospective
studies. Consistently, it has been demonstrated that ABCC
is highly expressed in lung cancer and has an inverse corre-
lation with the prognosis in NSCLC (Figure 1e,f). Most
importantly, our study also showed that TG-induced che-
moresistance to the known MRP/ABCC substrates could be

reversed by depletion of MRP1 by siRNA (Figure 2b,d,e),
indicating that the pivotal role of MRP1 in ER stress-
induced chemoresistance in NSCLC. Interestingly, previous
studies reported that MRP1 expression is associated with the
expression of the MYCN oncogene.25,26 Thus, our results
expand upon these publish work that c-Myc first activates
SREBP1 expression, and SREBP1 binds to the MRP1 pro-
moter to directly regulate its transcription. In this context,
inhibition of SREBP activity may be a useful addition to
spectrum of lung cancer treatments available after
chemotherapy.

Previous studies show that c-Myc is directly activated by
IRE1α through the XBP1s signal.10 Consistent with this, our
results demonstrate for the first time that XBP1s-induced
c-MYC is required for SREBP1 expression. The bHLH-zip
transcription factors SREBP (1 and 2) have distinct func-
tions in controlling lipid homeostasis. Genes related to fatty
acid metabolism are mainly regulated by SREBP1, whereas
lipoprotein uptake and de novo cholesterol synthesis genes
are primarily regulated by SREBP2.27 Although it is becom-
ing evident that increased SREBP activity is a crucial com-
ponent of cancer metabolism programs,28 the molecular
mechanisms by which SREBPs promote tumor progression

F I G U R E 4 C-Myc Orchestration of ER Stress-Induced SREBP1 Activation in Lung Cancer Chemoresistance. (a) Western blot results revealed that
transfection of c-Myc cDNA increased the expression levels of SREBP1. (b) A549 cells were co-transfected with the MRP1 promoter reporter construct and
the c-Myc cDNA plasmid. luciferase activity was determined and normalized using the dual luciferase reporter system (**p < 0.01, indicating differences
relative to the untreated control group, assessed through ANOVA for multiple comparisons). (c) Following a 12-h treatment with TG (15, 30 nM), Western
blotting revealed the expression levels of c-Myc. (d and e) 48 h after transfection cells with either IRE1α or XBP1s cDNA, Western blot was performed to
show an elevation in the expression of IRE1α, XBP1s and c-Myc. (f and g) Cell lysates were collected for Western blotting 48 h after co-transfecting IRE1α-
cDNA (f) or XBP1s- cDNA (g), and c-Myc siRNA. Western blot results revealed the expression of IRE1α, XBP1s, c-Myc, SREBP1 and MRP1. (h) The A549
and H1299 cells were first transfected with c-Myc siRNA. After 48 h transfection, cells were treated with etoposide in the presence and absence of TG
followed by MTT assay (****p < 0.001 for difference from control cells, ####p < 0.001 for the difference from etoposide-treated cells, $$$$p < 0.001 for
difference from c-Myc siRNA and TG-treated cells by ANOVA with Dunnett’s correction for multiple comparisons).
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are still unknown. In this study, using site-directed muta-
genesis and the recently developed CUT&Tag-qPCR analy-
sis, we were able to show that SREBP1 binds to MRP1
promoter to directly control MRP1 transcription, indicating
that SREBP1 mediates ER stress-induced chemoresistance in
NSCLC cells. It is also noteworthy that MYC coordinates
with SREBP1 to regulate fat synthesis, which is necessary for
tumor initiation and development in vitro as well as
in vivo.29 Nevertheless, whether c-Myc works with SREBP1
to regulate chemotherapy resistance was unclear prior to
this study. Here, we report that the XBP1s/c-Myc/SREBP1
axis promotes MRP1 expression and chemotherapy
resistance.

In summary, the research presented here highlights the
key role of ER stress in coordinating multiple signaling path-
ways involved in the regulation of drug resistance programs.
This process involves the activation of c-Myc and SREBP to
control the expression of MRP1 in response to acute ER
stress. ER stress can induce resistance programs to a variety
of chemotherapeutic drugs, which may have profound
implications for treatment. In particular, the IRE1α-XBP1
pathway may indicate potential susceptibility in lung cancer
and be suitable for targeted therapy.
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