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Abstract 

Background:  Platinum-based chemotherapy is commonly used to treat non-small 
cell lung cancer (NSCLC); however, innate and acquired resistance is clinically seen 
in many patients. Hence, a combinatorial approach with novel therapeutic agents 
to overcome chemoresistance is a promising option for improving patient outcomes. 
We investigated the combinational anticancer efficacy of cisplatin and narciclasine 
in three-dimensional NSCLC tumor spheroids.

Methods:  To assess the efficacy of cisplatin and narciclasine, cell viability assays, live/
dead cell staining, cell death enzyme-linked immunosorbent assay (ELISA), western 
blot analysis for proteins related to apoptosis, and in vivo xenograft experiments 
were performed. The synergistic effects of cisplatin and narciclasine were elucidated 
through transcriptomic analysis and subsequent validation of candidate molecules 
by regulating their expression. To clarify the underlying molecular mechanisms, 
the activation of unfolded protein responses and kinetics of a candidate protein were 
assessed.

Results:  Narciclasine inhibited viability of NSCLC tumor spheroids and augmented 
the sensitivity of cisplatin-resistant tumor spheroids to cisplatin by inducing 
apoptosis. After conducting bioinformatic analysis using RNA sequencing 
data and functional validation experiments, we identified NOXA as a key gene 
responsible for the enhanced apoptosis observed with the combination of cisplatin 
and narciclasine. This treatment dramatically increased NOXA while downregulating 
anti-apoptotic MCL1 levels. Silencing NOXA reversed the enhanced apoptosis 
and restored MCL1 levels, while MCL1 overexpression protected tumor spheroids 
from combination treatment-induced apoptosis. Interestingly, narciclasine alone 
and in combination with cisplatin induced unfolded protein response and inhibited 
general protein synthesis. Furthermore, the combination treatment increased NOXA 
expression through the IRE1α–JNK/p38 axis and the activation of p53. Cisplatin 
alone and in combination with narciclasine destabilized MCL1 via NOXA-mediated 
proteasomal degradation.
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Conclusions:  We identified a natural product, narciclasine, that synergizes 
with cisplatin. The combination of cisplatin and narciclasine induced NOXA expression, 
downregulated MCL1, and ultimately induced apoptosis in NSCLC tumor spheroids. 
Our findings suggest that narciclasine is a potential natural product for combination 
with cisplatin for treatment of NSCLC.

Keywords:  Narciclasine, Chemoresistance, Cisplatin, Apoptosis, Tumor spheroids, Non-
small cell lung cancer

Background
Lung cancer has the highest mortality rate among all cancers worldwide, accounting 
for 21% of all cancer-related deaths. This is attributed to diagnosis at late stages for 
nearly half of the patients with lung cancer [1, 2]. Non-small cell lung cancer (NSCLC) 
is the most common type of lung cancer, accounting for approximately 85% of all 
lung cancer cases [3]. Targeted therapy is one of the treatment options for advanced 
NSCLC harboring oncogenic driver mutations, while patients without oncogenic 
driver mutations are treated with immune checkpoint inhibitors, either alone or in 
combination with chemotherapy or standard chemotherapy [4–9].

Platinum-based drugs are commonly used as chemotherapeutic agents for NSCLC. 
Cisplatin is frequently combined with other treatment modalities such as surgery, 
radiation, targeted therapy, or immunotherapy to enhance treatment effectiveness [5, 10, 
11]. Although cisplatin-based combination therapy can be effective for the treatment of 
NSCLC, it has several limitations, namely the development of resistance and toxicity [12, 
13]. One approach to overcome these barriers and enhance the efficacy of cisplatin is 
to explore novel combination strategies that can not only exhibit synergistic anticancer 
effects and improve patient outcomes but also decrease cisplatin-associated toxicity 
through dose reduction.

Natural products have long been a valuable source of drugs for the treatment of 
various diseases, including cancer [14]. To identify a novel combination that can enhance 
cisplatin sensitivity, we screened a natural product library and identified narciclasine as 
the most potent candidate. Narciclasine is an isocarbostyril alkaloid derived from the 
bulbs of several varieties of Narcissus and exhibits antitumor activity against breast, 
gastric, and brain cancers [15–18]. Several mechanisms have been reported to underlie 
the antitumor effects of narciclasine. Narciclasine inhibits protein synthesis by directly 
binding to the translation elongation factor eukaryotic elongation factor 1-alpha (eEF1A) 
[19] and induces autophagy-mediated apoptosis through inhibition of Akt/mammalian 
target of rapamycin (mTOR) phosphorylation [17]. Narciclasine directly interacts with 
signal transducer and activator of transcription 3 (STAT3), inhibiting its phosphorylation 
in MCF-7 cells. Additionally, narciclasine induces reactive oxygen species (ROS), which 
further contributes to the inhibition of STAT3 in tamoxifen-resistant MCF-7 cells [20]. 
Overall, narciclasine exerts its antitumor effects through multiple mechanisms of action, 
making it a promising candidate for cancer therapy.

NOXA, also known as phorbol-12-myristate-13-acetate-induced protein 1 (PMAIP1), 
is a pro-apoptotic protein belonging to the Bcl-2 homology 3 (BH3)-only family of 
B-cell lymphoma 2 (BCL2) proteins [21]. BH3-only proteins, including NOXA, PUMA, 
BID, BAD, BIM, BIK, BMF, and HRK, are activated in response to various cellular 
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stressors and function as upstream regulators of apoptosis [22]. Specifically, NOXA 
binds to anti-apoptotic proteins of the BCL2 family, namely myeloid cell leukemia-1 
(MCL1) and BCL2-related protein A1 (BCL2A1), neutralizing their ability to suppress 
BAX/BAK activation and thereby initiating apoptosis [23, 24]. NOXA regulates Mule-
dependent ubiquitination of MCL1 by inhibiting the interaction between ubiquitin 
specific peptidase 9X-linked and MCL1, ultimately inducing MCL1 degradation [25]. 
Erlotinib-induced NOXA promotes mitochondria-associated ubiquitin E3 ligase 
MARCH5-mediated degradation of MCL1 [26]. Additionally, NOXA is required for 
cisplatin-induced phosphorylation of MCL1, which results in proteasome-dependent 
degradation, ultimately leading to induction of apoptosis [27]. Hence, the balance 
between NOXA and MCL1 determines the susceptibility of cells to apoptosis and 
also plays a critical role in tumor pathogenesis and progression, as well as therapeutic 
resistance [28, 29]. Therefore, targeting BCL2 family members is a promising approach 
for cancer treatment.

In the present study, we investigated the synergistic antitumor effects of cisplatin and 
narciclasine using NSCLC tumor spheroids and their mechanism of action, specifically 
in the regulation of anti-apoptotic MCL1.

Materials and methods
Reagents

Narciclasine (HY-16563), MG-132 (HY-13259), KIRA6 (HY-19708), GSK2606414 
(HY-18072), SP600125 (HY-12041), and SB203580 (HY-10256) were purchased 
from MedChemExpress (USA). Dimethyl sulfoxide was used as a vehicle control. 
Cycloheximide (01810), puromycin (P8833), N-acetylcysteine (A7250), and glutathione 
ethyl ester (G1404) were purchased from Sigma-Aldrich (USA). Cycloheximide and 
puromycin were dissolved in methanol and water, respectively. Cisplatin was obtained 
from Dong-A Pharmaceutical Co. Ltd (Korea).

Cell line and cell culture

A549, NCI-H460, NCI-H1975, and NCI-H358 cells were purchased from the American 
Type Culture Collection (USA), and HCC2279 (KCLB no. 72279) was purchased 
from Korea Cell Line Bank (Korea). All cancer cell lines were cultured in Roswell 
Park Memorial Institute (RPMI) 1640 supplemented with penicillin (100 units/
ml), streptomycin (100 µg/ml), and 10% fetal bovine serum at 37  °C with 5% CO2. To 
generate tumor spheroids, the following cell lines were seeded into a cell floater 96-well 
round-bottomed plate (34896, SPL, Korea) and centrifuged for 10  min at 1000  rpm: 
A549, HCC2279, and NCI-H1975 at 5 × 104 cells/well, NCI-H460 at 2 × 104 cells/well, 
and NCI-H358 at 6 × 104 cells/well. Tumor spheroids were cultured in RPMI 1640 
culture medium with 0.5% Matrigel for A549, NCI-H358, and NCI-H460, and with 2% 
Matrigel for H1975 and HCC2279 (BD Biosciences, USA) to promote compact spheroid 
formation. Compounds were treated 2 days after formation of tumor spheroids.

Three‑dimensional (3D) cell viability assay and combination index (CI) calculation

The viability of tumor spheroids was determined using CellTiter-Glo® 3D cell viability 
assay (Promega, USA) according to the manufacturer’s protocol. Luminescence was 
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measured by the GloMax-Multi Detection System (Promega, USA). The synergistic 
effects of cisplatin and narciclasine were determined by calculating the combination 
index (CI) using CalcuSyn software. A CI value less than 1 represents synergism.

Western blot analysis

Cell lysates were prepared in radio immunoprecipitation assay (RIPA) buffer (89900, 
Thermo Scientific, USA), supplemented with protease inhibitor cocktail, phosphatase 
inhibitor (Calbiochem, USA), and phenylmethylsulfonyl fluoride (PMSF). Protein 
concentrations were determined using a bicinchoninic acid (BCA) protein assay kit 
(Thermo Scientific, USA). Equal amounts of protein were separated by 8–15% sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to 
a polyvinylidene fluoride (PVDF) membrane (Millipore, USA). Antibodies against 
β-actin (sc-477778), p53 (sc-126), and BCL2 (sc-509) were purchased from Santacruz 
Biotechnology. Antibodies against cleaved caspase-7 (#9491), cleaved PARP (#9541), 
cleaved caspase-9 (#9505), caspase-9 (#9502), caspase-8 (#9746), GAPDH (#2118), 
NOXA (#14766), MCL1 (#4572), BCL2A1 (#14093), ATF3 (#18665), survivin (#2808), 
phospho-eIF2α (#3398), eIF2α (#5324), PERK (#5683), phospho-4E-BP (#2855), IRE1α 
(#3294), phospho-JNK (#4668), JNK (#9252), phospho-p38 (#4511), p38 (#8690), CHOP 
(#2895), phospho-STAT1 (#8826), STAT1 (#9172), and His (#2366) were purchased 
from Cell Signaling. Antibodies against MAFF (GTX120264) and 4E-BP1 (GTX109162) 
were purchased from GeneTex. Antibody against BTG3 (NBP1-89098) was from Novus 
Biologicals and FLAG (#F7425) was from Sigma-Aldrich. Antibody against phospho-
IRE1α (PA1-16927) was from Invitrogen, and Vinculin (PM088) was from MBL. 
Secondary antibodies, goat anti-mouse IgG HRP (SA001-500) and goat anti-rabbit IgG 
HRP (SA002-500), were obtained from GenDEPOT.

Live/dead cell staining

Tumor spheroids were stained using the LIVE/DEAD™ viability/cytotoxicity kit (Thermo 
Scientific, USA) according to the manufacturer’s protocol. Briefly, tumor spheroids were 
stained with 1 µM calcein-acetoxymethyl ester (AM) and 10 µM ethidium homodimer-1 
(EthD-1) for 20  min at 37  °C. Images were captured with an Operetta High Content 
Screening System (PerkinElmer, USA) and analyzed with Harmony 3.5.2 software. The 
dead cell area (%) was quantified using the following formula: 

Apoptosis analysis by flow cytometry

Apoptosis was measured using the BD Pharmingen PE annexin V apoptosis 
detection kit. Tumor spheroids were dissociated into single cells using 0.2% trypsin–
ethylenediaminetetraacetic acid (EDTA) for 5  min at 37  °C. Cells were suspended 
in annexin V-binding buffer at 1 × 105 cells/100  μL, stained with PE annexin V and 
7-amino-actinomycin (7-AAD) for 15  min, and analyzed by flow cytometry. Cells 
undergoing early apoptosis, indicated by PE annexin V positivity and 7-AAD negativity, 
are represented graphically.

Dead cell area (%) = (dead cell area/(live cell area + dead cell area)) × 100.
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Apoptosis analysis by ELISA

Apoptosis was evaluated using the Cell Death Detection ELISAPlus kit (Roche, 
Germany) according to the manufacturer’s protocol by quantifying cytoplasmic 
histone-complexed DNA fragments (mono- and oligonucleosomes). Absorbance was 
measured at 405  nm with a reference wavelength of 490  nm using a GloMax-Multi 
detection system (Promega, USA).

Xenograft mouse model

Five-week-old male BALB/c nude mice were purchased from Orient Bio (Korea) 
and acclimated for 7 days. A549 (5 × 106) cells were suspended in 100 μL phosphate-
buffered saline and mixed with 50  μL Matrigel (BD Biosciences). The cells were 
subcutaneously injected into 6-week-old BALB/c nude mice under isoflurane (JW 
Pharmaceutical, Korea) anesthesia. When the tumor size reached 60–70 mm3, the 
mice were divided randomly into four groups. Vehicle (saline solution), cisplatin 
(2  mg/kg), and narciclasine (1  mg/kg) were injected intraperitoneally twice weekly 
in 100  μL volume of each injection. Tumor diameters were measured twice a 
week up to 4  weeks, and the volume was calculated with the following formula: 
V
(

mm3
)

= length × width × width/2 . Mice were sacrificed before the tumor 
volume exceeded 1000 mm3.

RNA‑sequencing and data analysis

Tumor spheroids were treated with cisplatin, narciclasine, or both for 24 h, and total 
RNA was extracted using the RNeasy Mini Kit (Qiagen, Germany). RNA quality was 
evaluated using the Agilent 2100 Bioanalyzer (Agilent Technologies, Netherlands). 
QuantSeq 3′ mRNA sequencing was commercially commissioned to Ebiogen Inc. 
(Korea). The mRNA libraries were prepared using the QuantSeq 3’ mRNA-Seq 
Library Prep Kit (Lexogen, Austria) according to the manufacturer’s instructions 
and sequenced in 75-bp single-end reads on the NextSeq 500 (Illumina, USA). 
Differentially expressed genes (DEGs) with fold change of ≥ 2 were identified using 
Excel-based DEG analysis software (ExDEGA, Ebiogen, Korea). Gene set enrichment 
analysis (GSEA) was performed to identify enriched gene sets using GSEA software 
(version 4.0.3, Broad Institute, USA). The hallmark gene sets from the Molecular 
Signatures Database (MSigDB) were utilized. Gene sets with a false discovery rate 
(FDR) q < 0.1 and nominal p < 0.01 were considered significant.

Transfection and RNAi

Cells were transfected with 20  nM of siRNA using Lipofectamine RNAiMAX 
transfection reagent (Invitrogen, USA) following the manufacturer’s protocol. The 
sequences of siRNA were as follows: NOXA siRNA, 5′-GGU​GCA​CGU​UUC​AUC​
AAU​U-3′; p53 siRNA #1 5′-CAC​UAC​AAC​UAC​AUG​UGU​A-3′, #2 5′-UGA​GGU​
UGG​CUC​UGA​CUG​U-3′; ATF3 siRNA #1 5′-GGA​GUC​CUC​AUU​GAA​UCC​U-3′, #2 
5′-CAC​AAG​GAC​GUC​GGC​UAC​U-3′; MCL1 siRNA #1 5′-CAG​AAC​GAA​UUG​AUG​
UGU​A-3′, #2 5′-UGU​UCA​GUU​CUA​GAG​UGU​A-3′; Survivin siRNA #1 5’-GAC​
UUG​GCC​CAG​UGU​UUC​U-3′, #2 5′-GCA​UCU​CUA​CAU​UCA​AGA​A-3′; GADD45A 
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siRNA, 5′-GUA​GUU​ACU​CAA​GCA​GUU​A-3′; MAFF siRNA, 5′-CCA​GCA​AAG​
CUC​UAA​AGA​U-3′; PHLDA2 siRNA, 5′-GUG​UAC​UUC​ACC​AUC​GUC​A-3′; EGR1 
siRNA, 5′-ACG​ACA​GCA​GUC​CCA​UUU​A-3′; TUBB2A siRNA, 5′-CAC​ACU​
GUU​GAU​GUA​AUG​A-3′; BCL10 siRNA, 5′-GAA​AUU​UCU​UGU​CGA​ACA​U-3′; 
GADD45B siRNA, 5′-GUU​GAU​GAA​UGU​GGA​CCC​A-3′; BTG3 siRNA, 5′-UUG​
AGA​GGU​UUG​CUG​AGA​A-3′; ID2 siRNA, 5′-CAA​GAA​GGU​GAG​CAA​GAU​G-3′. 
Negative control siRNA was purchased from Bioneer (Korea). For siRNA-transfected 
tumor spheroids formation, cells were replated in a 96-well round-bottomed plate 
6 h post-transfection. His-tagged control or ubiquitin plasmids were transfected into 
A549 cells using Lipofectamine 2000 (Invitrogen, USA).

Quantitative real‑time PCR

Total RNA was extracted from tumor spheroids using the RNeasy Mini Kit (Qiagen, 
Germany), and 1 μg of RNA was reverse transcribed using a cDNA synthesis kit (Dyne 
Bio, Korea). Quantitative polymerase chain reaction (qPCR) was performed using SFC 
green qPCR master mix (BioFACT, Korea) with the LightCycler 96 real-time PCR 
system (Roche, Germany). Primer sequences used for PCR were as follows: NOXA, (F: 
CCG​GCA​GAA​ACT​TCT​GAA​TC and R: CGT​GCA​CCT​CCT​GAG​AAA​AC); MCL1, (F: 
CCA​AGA​AAG​CTG​CAT​CGA​ACCAT and R: CAG​CAC​ATT​CCT​GAT​GCC​ACCT); 
BIRC5, (F: TGA​GAA​CGA​GCC​AGA​CTT​GG and R: TGG​TTT​CCT​TTG​CAT​GGG​GT); 
MAFF, (F: CTG​TCG​GAC​GAG​GCG​CTG​ATG and R: AGC​CAC​GGT​TTT​TGA​GTG​
TGCG); BTG3, (F: TAG​TGA​CCT​GGG​CTT​GCC​AAAG and R: CCC​TGG​TAA​CTT​
TCC​TGG​AGATC); TP53, (F: CCT​CAG​CAT​CTT​ATC​CGA​GTGG and R: TGG​ATG​
GTG​GTA​CAG​TCA​GAGC); ATF3, (F: CGC​TGG​AAT​CAG​TCA​CTG​TCAG and R: CTT​
GTT​TCG​GCA​CTT​TGC​AGCTG); GAPDH, (F: TGC​ACC​ACC​AAC​TGC​TTA​GC and 
R: GGC​ATG​GAC​TGT​GGT​CAT​GAG). GAPDH was used as an internal control. The 
relative gene expression was quantified using the 2−ΔΔCt method.

Stable cell line generation

The full-length cDNA of human MCL1 (KU016524) was obtained from the Korea 
Human Gene Bank and subcloned into a pLenti-c-MYC-DDK-P2A-RFP vector 
(OriGene, USA), replacing the original puro segment with RFP. To generate cells 
overexpressing MCL1, pLenti-Ctrl and pLenti-MCL1 vectors were transfected along 
with pMD2G and psPAX into 293FT cells to produce lentivirus. Medium containing 
lentivirus particle was applied to A549 cells with 0.8  µg/ml polybrene for 3  days, and 
cells positive for RFP were sorted by using FACSAria II (BD Biosciences).

SUnSET assay

Tumor spheroids were incubated with cisplatin, narciclasine, or the combination for 2 h, 
followed by 15-min treatment with 5 μg/ml puromycin to label nascent peptides. As a 
positive control, tumor spheroids were treated with 100 μg/ml cycloheximide for 15 min 
prior to puromycin treatment. Tumor spheroids were lysed, and puromycin-labeled 
peptides were detected by western blotting using an anti-puromycin antibody, clone 
12D10 (Sigma Aldrich, USA).
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Half‑life measurement

After 24 h of transfection with siNC or siNOXA, cells were cultured in fresh medium 
containing 5 μM cisplatin, 0.1 μM narciclasine, or both. After 24 h, cells were treated 
with 10  μg/ml cycloheximide for 10, 20, 30, or 40  min and subsequently lysed for 
western blotting. The bands of MCL1 and GAPDH were scanned, and the intensities 
of the bands were semiquantified by using ImageJ software. The relative concentration 
of MCL1 at 10 min that started to be affected by cycloheximide was defined as 1. The 
intensity of MCL1 band at each indicated time point was normalized by comparing the 
relative concentration of MCL1 with that at 10 min. The protein half-life was calculated 
by linear regression analysis. The calculated half-life was averaged for each of three 
independent experiments.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 9. Data are presented as 
mean ± standard deviation (SD) or standard error on the mean (SEM). Comparison 
between two groups was performed using Student’s t-test, and multiple comparisons 
within groups were performed using analysis of variance (ANOVA). Significance was 
defined as p < 0.05.

Results
Narciclasine enhances the sensitivity of NSCLC cells to cisplatin

In a preliminary study, we screened a natural product library and identified that 
narciclasine both alone and in combination with cisplatin considerably inhibited 
the viability of NSCLC tumor spheroids. Subsequently, we investigated the effects 
of cisplatin on the viability of NSCLC tumor spheroids and found that A549, NCI-
H358, NCI-H1975, and HCC2279 exhibited relative resistance to cisplatin when 
compared with NCI-H460 (Fig. 1A; Supplementary Fig. S1A, B). Hence, we treated four 
tumor spheroids (derived from A549, NCI-H358, NCI-H1975, and HCC2279) with 
various concentrations of cisplatin or narciclasine for 72  h, and determined the half-
maximal inhibitory concentration (IC50) values from dose–response curves (Fig.  1A, 
B; Supplementary Fig. S1B). Subsequently, on the basis of the IC50 values, we assessed 
the synergistic effects of the combination of cisplatin and narciclasine at various 
concentrations and determined the combination index (CI). The decrease in viability of 
A549 tumor spheroids was more substantial with the combination treatment than with 
the individual treatments (Fig.  1C). Synergistic effects were observed in A549 tumor 
spheroids for seven of the nine tested combinations, with a CI of less than 1 (Fig. 1D). 
Other cell lines also exhibited synergistic effects with most combinations of narciclasine 
and cisplatin (Supplementary Fig. S2A, B). For subsequent analysis, we chose the 
lowest set of concentrations (indicated by ▼) that resulted in less than half of the cell 
viability compared with each treatment (indicated by $) (Figs. 1C; Supplementary Fig. 
S2A). Hence, thereafter, A549 tumor spheroids were treated with 10 µM of cisplatin and 
0.3 µM of narciclasine. To investigate the time-dependent responses to the combination 
treatment, we assessed cell viability at 24, 48, and 72  h after treatment with the 
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combination at the selected concentrations. The effects of the combination increased 
over time not only in A549 tumor spheroids but also in other cell lines (Fig.  1E; 
Supplementary Fig. S2C).

To confirm whether the inhibition of cell viability by the combination of cisplatin and 
narciclasine was attributable to increased apoptosis, we verified cleavage of caspase-7, 
caspase-8, and caspase-9. Cleavage of caspase-7 and caspase-9 was higher with the 
combination treatment when compared with the individual treatments. On the other 
hand, there was no difference in the cleavage of caspase-8, which mediates the extrinsic 
apoptotic pathway, between the cisplatin alone and combination groups (Fig.  1F). 
Apoptosis was also found to be increased in other NSCLC tumor spheroids treated 
with the combination (Supplementary Fig. S2D). We also performed cell staining, flow 
cytometry, and ELISA to further confirm the mechanism of cell death induced by the 
combination treatment. Staining of A549 tumor spheroids with calcein-acetoxymethyl 
ester and ethidium homodimer revealed an increase in the number of dead cells as 
well a decrease in spheroid size in tumor spheroids treated with both cisplatin and 
narciclasine, when compared with those treated with the individual treatments (Fig. 1G). 
Flow cytometric analysis of dissociated tumor spheroids stained with annexin V and 
7-amino-actinomycin D revealed a considerable increase in the percentage of cells in the 
early stage of apoptosis with the combination treatment (Fig.  1H; Supplementary Fig. 
S3). Lastly, we quantified cytoplasmic histone-complexed DNA fragments and observed 
an increased level of apoptosis in A549 tumor spheroids treated with the combination 
treatment (Fig. 1I). To confirm our in vitro findings, we evaluated the antitumor activity 

(See figure on next page.)
Fig. 1  Narciclasine significantly enhanced the sensitivity of NSCLC tumor spheroids to cisplatin. A, B A549 
tumor spheroids were treated with various concentrations of cisplatin (A) or narciclasine (B) for 72 h, and cell 
viability was determined by measuring cellular adenosine triphosphate (ATP) content. Data are mean ± SD 
from three independent experiments in triplicate. C The viability of tumor spheroids was assessed following 
cisplatin, narciclasine, or the combination treatment at the indicated concentrations for 72 h. *p < 0.05 
versus same dose of cisplatin; †p < 0.05 versus same dose of narciclasine; $, less than half of cell viability 
compared with each treatment; ▼, selected combination dose. Data are mean ± SD from three independent 
experiments in triplicate. D Combination index (CI) values calculated using CompuSyn. CI of < 1.0 indicates 
synergism. E Tumor spheroids were treated with the vehicle, 10 μM cisplatin, 0.3 μM narciclasine, or both 
for the indicated time periods. Images were taken prior to viability assay. *p < 0.05 versus cisplatin; †p < 0.05 
versus narciclasine. Data are mean ± SEM from three independent experiments in triplicate. Scale bar: 
100 μm. F Whole-cell lysates were prepared from A549 tumor spheroids 48 h after treatment with cisplatin, 
narciclasine, or the combination. The levels of cleaved caspases were analyzed by western blotting. GAPDH 
was used as the loading control. Data represent one of three independent experiments with similar results. G 
Tumor spheroids were treated with cisplatin, narciclasine, or the combination for 48 h. Live cells were stained 
green with calcein-acetoxymethyl ester, whereas dead cells were stained red with ethidium homodimer-1. 
Images were taken at magnification of 100× using the Operetta high-content analysis system. Scale bar: 
200 μm. Results of the quantitative analysis of the dead cell area are shown in the right panel. *p < 0.05. 
Data are mean ± SD from three independent experiments in triplicate. H Tumor spheroids were dissociated 
48 h after the indicated treatments and analyzed using flow cytometry. Apoptotic cells were presented 
as percentages of annexin V-positive/7-amino-actinomycin D (7-AAD)-negative cells. *p < 0.05. Data are 
mean ± SEM from three independent experiments in triplicate. I A549 tumor spheroids were treated with 
cisplatin, narciclasine, or the combination for 48 h, and apoptosis was analyzed using a Cell Death Detection 
ELISA kit capable of detecting mono- and oligonucleosomes. *p < 0.05. Data are mean ± SEM from three 
independent experiments in triplicate. J Tumor volume and body weight were measured on the indicated 
days. n = 5 per group. Data are mean ± SEM. *p < 0.05. Data represent one of two independent experiments 
with similar results (n = 5 per group for each experiment). K The weight of the excised tumors was measured 
25 days after cisplatin, narciclasine, or the combination. Data are mean ± SEM. *p < 0.05
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of the combination of cisplatin and narciclasine in a xenograft mouse model. As shown 
in Fig. 1J, K, tumor growth and weight were significantly suppressed by the combination 
treatment when compared with the vehicle. Taken together, these data demonstrate that 
the combination of cisplatin and narciclasine exhibits potent synergistic effects against 
NSCLC proliferation both in vitro and in vivo.

NOXA regulation underlies cisplatin and narciclasine combination treatment‑induced 

apoptosis in NSCLC tumor spheroids

To investigate the mechanism underlying the synergistic effects of cisplatin and 
narciclasine, we performed RNA sequencing after treatment of A549 tumor spheroids 
with cisplatin, narciclasine, or the combination of cisplatin and narciclasine for 24 and 

Fig. 1  (See legend on previous page.)
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48 h. We observed a higher number of genes exhibiting greater than a twofold change 
in expression in the combination treatment group than in the individual treatment 
groups (Supplementary Fig. S4A). To select candidate genes that are responsible for the 
synergistic effects of cisplatin and narciclasine, we performed bioinformatic analysis, 
integrating differentially expressed gene (DEG) analysis based on changes in gene 
expression and gene set enrichment analysis (GSEA) for functional gene classification 
(Fig. 2A). Initially, we selected 335 genes that displayed more than a twofold change in 
expression across all three comparison groups (combination versus vehicle, combination 
versus cisplatin, and combination versus narciclasine) with consistent changes at both 24 
and 48 h post-treatment. Furthermore, to understand the functional categories of genes 
that were enriched, we performed GSEA to compare the cisplatin alone and combination 
groups (Supplementary Fig. S4B). We then selected the core enriched genes included 
in those gene sets and found 89 upregulated genes and 11 downregulated genes in the 
combination treatment group compared with that in the cisplatin group. Among the 335 
genes extracted from the DEG analysis and the 100 genes from the GSEA, we selected the 
20 overlapping genes as potential candidate genes responsible for the synergistic effects 
of the combination. The heatmap in Figs.  2B and Supplementary Fig. S4C shows the 
expression patterns of the candidate genes, revealing that most of these genes exhibited 
increased expression in response to the treatment. We experimentally validated the 
function of the candidate genes that have been reported to possess antitumor activity. 
We knocked down 11 individual genes and observed changes in cell viability in response 
to individual or combination treatments with cisplatin and narciclasine (Supplementary 
Fig. S5). Cell viability was reversed on combination treatment when any of the following 
three genes were silenced: NOXA, MAFF, and BTG3 (Fig.  2C). Consistent with the 
viability results, knockdown of NOXA, MAFF, and BTG3 resulted in reduced caspase-7 
cleavage (Fig.  2D; Supplementary Fig. S6). We also examined changes in mRNA and 
protein levels following treatment. The mRNA levels of NOXA and MAFF increased the 
most with the combination treatment, which was consistent with the RNA sequencing 
results, whereas BTG3 mRNA levels were not (Fig. 2E). Although the protein levels of 
NOXA, and MAFF were both considerably increased with the combination treatment, 
the pattern of NOXA expression was more consistent with the results of the previous 
assays including cell viability, cell death, and apoptosis than that of MAFF (Figs. 1E–I, 
2D, F). Additionally, in other NSCLC cell lines, the combination treatment also increased 
NOXA mRNA expression (Supplementary Fig. S7A), and changes in cell viability and 
apoptosis due to NOXA silencing were consistent with those observed in A549 tumor 
spheroids (Supplementary Fig. S7B, C). On the basis of these results, NOXA was chosen 
as the candidate gene underlying the synergistic anticancer effects of the combination of 
cisplatin and narciclasine.

NOXA, upregulated by p53, plays a major role in inducing synergistic cell death 

through regulation of MCL1 in response to the combination treatment of cisplatin 

and narciclasine

In A549 tumor spheroids, NOXA mRNA expression was induced in response to cisplatin 
alone or in combination with narciclasine (Fig.  2E). Hence, we investigated the effect 
of the combination treatment on the expression of transcription factors that regulate 
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Fig. 2  NOXA was identified as the candidate gene underlying the synergistic antitumor effects of cisplatin 
and narciclasine. A Schematic overview of the workflow for selection and validation of candidate genes. B 
Heatmap showing the fold changes in the expression of potential candidate genes under different treatment 
conditions. C NOXA-, MAFF-, and BTG3-silenced A549 tumor spheroids were treated with individual or 
combination treatments of cisplatin and narciclasine for 48 h, and cell viability was assessed by measuring 
cellular ATP content. *p < 0.05 versus combination-treated small interfering RNA for the negative control 
(siNC). Data are mean ± SEM from three independent experiments in triplicate. Images were taken prior 
to viability assay. Scale bar: 100 μm. D Under the siRNA transfection and treatment conditions described 
in (C), cleaved caspase-7 (cCASP7) levels were analyzed to assess apoptosis. Data represent one of three 
independent experiments with similar results. E Twenty-four hours after treatment of tumor spheroids with 
individual or combination treatment of cisplatin and narciclasine, the mRNA levels of NOXA, MAFF, and 
BTG3 were assessed using RT-qPCR. Data are presented as fold change in gene expression, normalized to 
GAPDH expression. *p < 0.05 versus vehicle. Data are mean ± SEM from three independent experiments in 
triplicate. F Following 48 h of treatment under the indicated treatment conditions, protein levels of NOXA, 
MAFF, and BTG3 were assessed using western blotting. β-Actin and GAPDH were used as the loading control. 
Experiments were conducted in triplicate. Data represent one of three independent experiments with similar 
results
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NOXA expression. p53 is a well-known upstream regulator of NOXA, and activating 
transcription factor 3 (ATF3) has been reported to regulate cisplatin-induced NOXA 
in a p53‐independent manner [21, 30]. Considering the dramatic increase in ATF3 
expression after treatment with cisplatin and narciclasine (Fig.  2B; Supplementary 
Figs. S4C, S7D), we speculated that ATF3 may function as a transcriptional activator 
of NOXA under these treatment conditions. Hence, we explored whether p53 or ATF3 
contributed to the induction of NOXA in response to the combination treatment. To 
this end, first, the effects of each treatment on the viability of tumor spheroids following 
transfection with small interfering RNA (siRNA) targeting TP53 (siTP53) or ATF3 
(siATF3) were examined. When treated with narciclasine alone or in combination with 
cisplatin, siTP53 tumor spheroids exhibited increased viability compared with those 
treated with siRNA for the negative control (siNC) (Fig. 3A). Moreover, siTP53-tumor 
spheroids exhibited a significant decrease in the induction of NOXA in response to the 
combination treatment at both mRNA and protein levels, which was concomitant with 
considerably decreased cleavage of caspase-7 (Fig.  3B, C). In contrast, siATF3-tumor 
spheroids exhibited increased sensitivity to both narciclasine alone and in combination 
with cisplatin (Fig.  3A). In siATF3-tumor spheroids, the induction of NOXA by the 
combination treatment was further increased at both the mRNA and protein levels, 
which was concomitant with an elevation in the cleavage of caspase-7 (Fig. 3B, C). Taken 
together, these data suggest that NOXA upregulation by the combination treatment is 
transcriptionally regulated by p53.

NOXA promotes mitochondria-mediated apoptosis by inhibiting anti-apoptotic 
proteins, including MCL1 [31]. To investigate the effects of increased NOXA induced 
by the combination treatment on apoptosis-related proteins, we silenced NOXA 
expression in A549 tumor spheroids and then subjected them to individual or 
combination treatment with cisplatin and narciclasine. A noticeable difference in the 
expression of MCL1, a major binding partner of NOXA, was observed in response 
to the combination treatment (Fig.  3D). MCL1 expression was markedly decreased 

(See figure on next page.)
Fig. 3  NOXA activated the mitochondria-mediated apoptosis pathway in response to the combination 
treatment by regulating MCL1. A, B siNC-, siTP53-, or siATF3-transfected A549 tumor spheroids were treated 
with individual or combination treatments of cisplatin and narciclasine. A Cell viability was assessed after 
treatment for 48 h. *p < 0.05 versus vehicle-treated siNC; $p < 0.05 versus narciclasine-treated siNC; †p < 0.05 
versus combination-treated siNC. Data are mean ± SEM from three independent experiments in triplicate. B 
The levels of the indicated proteins were assessed by western blotting after treatment for 24 h. Vinculin was 
used as the loading control. Data represent one of three independent experiments with similar results. C 
Twenty-four hours after the indicated treatment, mRNA levels of NOXA, TP53, and ATF3 were assessed using 
RT-qPCR. Data are presented as fold change in gene expression, normalized to GAPDH expression. *p < 0.05. 
Data are mean ± SEM from three independent experiments in triplicate. D, E siNC- or siNOXA-transfected 
A549 tumor spheroids were treated with individual or combination treatments of cisplatin and narciclasine 
for 48 h. D The expression of intrinsic apoptosis-related proteins was assessed by western blotting. Data 
represent one of three independent experiments with similar results. E Apoptosis was assessed using a cell 
death detection ELISA kit capable of detecting mono- and oligonucleosomes. *p < 0.05. Data are mean ± SD 
from three independent experiments in triplicate. F–H A549 tumor spheroids stably transfected with 
flag-tagged vector control or flag-tagged MCL1 were treated with individual or combination treatments of 
cisplatin and narciclasine for 48 h. Images were taken prior to viability assay. Scale bar: 100 μm. F Cell viability 
assay, G ELISA, and H western blotting were performed. *p < 0.05. Data in F and G are mean ± SEM and from 
three independent experiments in triplicate. Data in H represent one of three independent experiments with 
similar results
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with the combination treatment when compared with cisplatin or narciclasine alone. 
Following NOXA knockdown, the basal expression of MCL1 increased marginally, 
and the decrease in MCL1 expression induced by the combination treatment was 
also reversed. On the other hand, BCL2A1 expression was almost undetectable 
irrespective of the treatment, except that it increased slightly in cisplatin-treated 
tumor spheroids. Consistently, combination treatment alongside NOXA knockdown 
had minimal effects on BCL2 expression. Survivin, a member of the inhibitor 
of apoptosis protein family, expression was downregulated by cisplatin and the 
combination treatment, and this was reversed by NOXA knockdown. The decrease 
in survivin protein levels, encoded by the BIRC5 gene, induced by cisplatin and the 
combination treatment were a result of decreased mRNA expression (Supplementary 

Fig. 3  (See legend on previous page.)
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Fig. S8C). The increased cleavage of caspase-9, the downstream effector caspase-7, 
and the caspase substrate poly (ADP-ribose) polymerase (PARP) induced by the 
combination treatment was considerably reduced following NOXA knockdown 
(Fig.  3D). Consistent with these observations, a cell death assay that quantifies 
histone-associated DNA fragmentation showed that NOXA knockdown significantly 
inhibited cell death induced by the combination treatment (Fig.  3E). These findings 
suggest that the combination treatment induced apoptosis via NOXA-induced 
downregulation of MCL1.

The enhanced viability observed upon NOXA knockdown was significantly 
diminished in tumor spheroids in which both NOXA and MCL1 were concurrently 
silenced (Supplementary Fig. S8A). Consistent with these observations, the results 
of the cell death assay also demonstrated that the concurrent silencing of NOXA and 
MCL1 significantly enhanced apoptosis induced by the combination treatment when 
compared with silencing of NOXA alone (Supplementary Fig. S8B). Because survivin 
expression was consistent with combination treatment-induced apoptosis, we further 
verified the role of survivin. Although the effect of survivin knockdown appeared to 
be similar to that of MCL1, reversal of combination treatment-induced apoptosis was 
more pronounced with MCL1 knockdown (Supplementary Fig. S8D, E). To further 
confirm that MCL1 plays a pivotal role in combination treatment-induced apoptosis, 
we utilized MCL1-overexpressing A549 cells. In MCL1-overexpressing tumor 
spheroids, the significant decrease in viability induced by combination treatment was 
notably reversed (Fig.  3F). The results of the cell death assay and cleavage of PARP 
and caspase-7 also confirmed that MCL1-overexpressing tumor spheroids exhibited a 
reduction combination treatment-induced apoptosis (Fig. 3G, H). Taken together, these 
results suggest that NOXA plays a major role in the observed synergistic effects of the 
combination of cisplatin and narciclasine, and that NOXA-mediated regulation of MCL1 
levels underlies the induction of apoptosis in response to the combination treatment in 
NSCLC tumor spheroids.

Narciclasine both alone and in combination with cisplatin downregulates MCL1 expression 

through inhibition of translation

Interestingly, although narciclasine decreased MCL1 protein levels (Fig.  3D), its 
mRNA levels were significantly upregulated shortly after the treatment (Fig.  4A). To 
clarify whether narciclasine-induced decrease in MCL1 levels was potentially due to 
accelerated proteasomal degradation, A549 cells were treated with narciclasine and 
MG-132, a proteasomal inhibitor. MG-132 treatment alone induced a time-dependent 
accumulation of MCL1 protein (Fig.  4B). However, despite the inhibition of protein 
degradation by MG-132 treatment, accumulation of MCL1 was not observed in 
narciclasine-treated cells (Fig.  4B). Despite the elevated mRNA levels in response to 
narciclasine treatment, the absence of an increase in MCL1 protein levels and the 
acceleration of protein degradation suggests that translation of MCL1 is inhibited. The 
kinetics of the decrease in MCL1 expression by narciclasine were similar to those of 
cycloheximide, a widely used translation inhibitor, confirming that narciclasine inhibited 
the translation of MCL1 mRNA (Fig.  4C). To confirm the effect of narciclasine on 
protein translation, a surface sensing of translation (SUnSET) assay was used to assess 
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Fig. 4  Narciclasine and the combination treatment reduced MCL1 levels through inhibition of translation. 
A A549 tumor spheroids were treated with 0.3 μM narciclasine for the indicated time periods, and MCL1 
mRNA levels were quantified using RT-qPCR. Data are presented as fold change in MCL1 expression, 
normalized to GAPDH expression. *p < 0.05. Data are mean ± SEM from three independent experiments in 
triplicate. B A549 tumor spheroids were pretreated with 0.3 μM narciclasine for 2 h before treatment with 
10 μM MG-132 for the indicated time periods. MCL1 protein levels were analyzed by western blotting. 
Data represent one of three independent experiments with similar results. C A549 tumor spheroids were 
treated with 10 μg/mL cycloheximide and 0.3 μM narciclasine for the indicated time periods. Data are 
mean ± SD from three independent experiments. D Protein synthesis was assessed using surface sensing of 
translation assay. A549 tumor spheroids were treated as indicated doses of narciclasine for 2 h, followed by 
incubation with 5 μg/mL puromycin for 15 min. For the right panel, cisplatin and narciclasine were treated 
at concentrations of 10 and 0.3 μM, respectively. Whole cell lysates were obtained and subjected to western 
blotting using anti-puromycin antibody. Data represent one of three independent experiments with similar 
results. E A549 tumor spheroids were treated with 0.3 μM narciclasine for the indicated time periods. Levels 
of phospho-eIF2α, phospho-4E-BP1, and other proteins involved in the unfolded protein response (UPR) 
pathway were analyzed by western blotting. Data represent one of three independent experiments with 
similar results. F Whole cell lysates were prepared from A549 tumor spheroids treated with 10 μM cisplatin, 
0.3 μM narciclasine, or the combination for the indicated time. Levels of proteins involved in the UPR pathway 
were analyzed by western blotting. Data represent one of three independent experiments with similar results
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protein synthesis in A549 tumor spheroids. Narciclasine was found to reduce the levels 
of nascent peptides in a dose-dependent manner (Fig. 4D). Although cisplatin alone did 
not decrease protein synthesis, the combination of cisplatin and narciclasine resulted 
in a dramatic inhibition of translation, similar to that observed with narciclasine alone 
(Fig. 4D).

Subsequently, we examined the effect of narciclasine and the combination treatment 
on pathways that regulate protein translation, including the mTOR and integrated stress 
response (ISR) pathways [32, 33]. Narciclasine promptly increased the phosphorylation 
of eIF2α, a key factor in ISR including a reduction of general protein synthesis, which 
may explain the observed rapid decrease in MCL1 levels (Fig.  4E). However, the 
phosphorylation of 4E-BP, a target protein in the mTOR pathway, was only modestly 
increased at later time points (Fig.  4E). Protein kinase R-like endoplasmic reticulum 
kinase (PERK), one of the eIF2α kinases, responds to endoplasmic reticulum (ER) stress 
and activates unfolded protein response (UPR) [33]. PERK phosphorylation increased 
promptly after narciclasine treatment, consistent with eIF2α phosphorylation, indicating 
that PERK was the upstream kinase (Fig.  4E). Furthermore, narciclasine markedly 
elevated the phosphorylation of another ER stress sensor, inositol-requiring enzyme 
type 1α (IRE1α), resulting in increased phosphorylation of its downstream targets 
c-Jun N-terminal kinase (JNK) and p38 [34, 35]. The expression of ATF3 and C/EBP 
homologous protein (CHOP), which are transcription factors induced by ER stress [36], 
was also increased following narciclasine treatment (Fig. 4E).

Next, we examined the expression of UPR signaling-associated proteins at 1, 4, 24, 
and 48 h following cisplatin, narciclasine, or the combination treatment (Fig. 4F). eIF2α 
phosphorylation was higher with the combination treatment than that with narciclasine 
alone, and this elevation was sustained for up to 48 h. PERK and IRE1α phosphorylation 
levels were increased in cells treated with narciclasine and the combination treatment. 
ATF3 exhibited the most notable upregulation in tumor spheroids subjected to the 
combination treatment, whereas CHOP expression was the highest with narciclasine 
treatment. In general, changes in expression of proteins involved in the UPR were 
minimal with cisplatin treatment (Fig. 4F).

The accumulation of misfolded proteins resulting from excessive ROS generated by 
intrinsic and extrinsic pathways leads to UPR [37–39]. Treatment with narciclasine 
significantly increased H2O2 levels, which is postulated to be a potential inducer for 
ER stress (Supplementary Fig. S9). Notably, combination treatment of cisplatin and 
narciclasine resulted in a greater increase in H2O2 levels than those observed with either 
compound alone (Supplementary Fig. S9).

Taken together, these results suggest that enhanced ROS production following 
treatment with narciclasine both alone and in combination with cisplatin activated ER 
stress-induced UPR via PERK and IRE1α pathway, leading to the translational inhibition 
of MCL1.

NOXA regulation in response to ROS generated by combination treatment with cisplatin 

and narciclasine is mediated via the IRE1α–JNK/p38 axis

The expression of NOXA was significantly increased following combination treatment 
of cisplatin and narciclasine (Fig.  2E, F). In addition to the previously mentioned p53 
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as a regulator of NOXA (Fig.  3B, C), to further elucidate the mechanisms underlying 
NOXA upregulation in response to the combination treatment, we investigated the 
potential involvement of ER stress-induced UPR pathways, via PERK and IRE1α. We 
pretreated tumor spheroids with either GSK2606414, a PERK inhibitor, or KIRA6, an 
IRE1α inhibitor, prior to combination treatment, and subsequently analyzed NOXA 
mRNA levels. Pretreatment with the PERK inhibitor failed to suppress the combination 
treatment-induced increase in NOXA expression (Fig.  5A). However, IRE1α inhibition 
by KIRA6 pretreatment significantly inhibited NOXA mRNA expression at 4 h and 24 h 
post-treatment with cisplatin and narciclasine (Fig.  5B). Consistent with the mRNA 
results, the combination treatment-induced NOXA protein was markedly suppressed 
when kinase activity of IRE1α was inhibited (Fig. 5C). Moreover, the increase in CHOP 
and ATF3 levels was also attenuated by IRE1α inhibition (Fig. 5C). These results indicate 
that the combination treatment-induced upregulation of NOXA is primarily mediated 
through IRE1α-driven UPR processes, rather than the PERK pathway.

When IRE1α is activated, it recruits TNF receptor-associated factor 2 (TRAF2), 
which subsequently activates apoptosis signal-regulating kinase 1 (ASK1), an upstream 
kinase that phosphorylates and activates both JNK and p38 pathways [40–42]. Previous 
report also showed that NOXA expression was enhanced through IRE1α–JNK signaling 
pathways [43]. Pretreatment with KIRA6 effectively blocked the phosphorylation of 
p38 induced by narciclasine or the combination treatment, while JNK phosphorylation 
was only slightly inhibited (Fig.  5C). Next, we inhibited JNK and p38 activities using 
pharmacological inhibitors and subsequently analyzed changes in NOXA mRNA and 
protein levels following the combination treatment. Treatment with SP600125, a JNK 
inhibitor, attenuated the narciclasine- and combination-induced phosphorylation of 
JNK. Treatment with SB203580, a p38 inhibitor, reduced the phosphorylation of serine 
727 of STAT1, a downstream target of p38 (Fig. 5E), consistent with previous reports [44, 
45]. As expected, inhibition of p38 led to substantial reductions in both NOXA mRNA 
and protein levels in tumor spheroids exposed to the combination treatment, suggesting 

(See figure on next page.)
Fig. 5  NOXA regulation in response to ROS generated by combination treatment with cisplatin and 
narciclasine is mediated via the IRE1α–JNK/p38 axis. A549 tumor spheroids were pretreated with A 50 nM of 
GSK414, a PERK inhibitor, or B 100 nM of KIRA6, an IRE1α inhibitor, for 1 h, followed by treatment with 10 μM 
cisplatin, 0.3 μM narciclasine, or their combination for 4 or 24 h. NOXA mRNA levels were evaluated using 
RT-qPCR. Data are presented as fold change of NOXA expression, normalized to GAPDH expression. †p < 0.05 
versus narciclasine; *p < 0.05 versus combination. Data are mean ± SEM from three independent experiments 
in triplicate. C Under the treatment condition described in A and B, levels of proteins involved in the UPR 
pathway were analyzed by western blotting. Data represent one of three independent experiments with 
similar results. D A549 tumor spheroids were pretreated with 10 μM of SP600125, a JNK inhibitor or SB203580, 
a p38 inhibitor for 1 h, followed by treatment with 10 μM cisplatin, 0.3 μM narciclasine, or their combination 
for 4 h or 24 h. NOXA mRNA levels were evaluated using RT-qPCR. Data are presented as fold change in NOXA 
expression, normalized to GAPDH expression. †p < 0.05 versus narciclasine; *p < 0.05 versus combination. 
Data are mean ± SEM from three independent experiments in triplicate. E Under the treatment condition 
described in D, levels of proteins involved in UPR pathway were analyzed by western blotting. Data represent 
one of three independent experiments with similar results. F A549 tumor spheroids were pretreated with 
10 mM NAC (N-acetylcysteine) or 0.5 mM glutathione ethyl ester (GSH-EE) for 1 h, followed by treatment with 
10 μM cisplatin, 0.3 μM narciclasine, or their combination for 1 or 24 h. Levels of proteins involved in the UPR 
pathway were analyzed by western blotting. Data represent one of three independent experiments with 
similar results
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the critical role of p38 in NOXA regulation (Fig.  5D, E). Interestingly, JNK inhibition 
lowered NOXA mRNA levels by only 18%, but it reduced NOXA protein to a level 
comparable to that observed with p38 inhibition, indicating that JNK primarily regulates 
the levels of NOXA protein (Fig.  5D, E). In addition, ATF3 induction by combination 
treatment was associated with IRE1α–p38 signaling (Fig.  5C, E). Collectively, these 
results suggest that the IRE1α–JNK/p38 axis contributes to the upregulation of NOXA 
in response to the combination treatment.

To determine whether ROS activates the IRE1α–JNK/p38 pathway and facilitates 
NOXA induction, we conducted experiments using the antioxidants N-acetylcysteine 
(NAC) and glutathione ethyl ester (GSH-EE). Cells were pretreated with NAC (10 mM) 

Fig. 5  (See legend on previous page.)
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or GSH-EE (0.5  mM) for 1  h before cisplatin, narciclasine, or combination treatment. 
Western blot analysis revealed that IRE1α, JNK, and p38 phosphorylation levels were 
partially reduced upon antioxidant pretreatment, but not PERK, indicating that ROS 
induced by narciclasine or combination treatment contributes to the activation of 
the IRE1α–JNK/p38 pathway. Furthermore, the combination treatment-induced 
upregulation of NOXA and cleaved caspase-7 was abolished in the presence of 
antioxidants (Fig.  5F). These results indicate that ROS induced by the combination 
treatment enhances NOXA expression and apoptosis by activating the IRE1α–JNK/p38 
pathway.

Cisplatin, both alone and in combination with narciclasine, promotes NOXA‑mediated 

MCL1 degradation

Despite the increased MCL1 mRNA expression and proficient translation in response 
to cisplatin treatment (Figs. 4D, 6A), its protein levels were decreased when compared 
with that in vehicle-treated cells (Figs.  3D, 4F), suggesting that MCL1 protein levels 
are regulated by a post-translational mechanism. Therefore, we pretreated A549 tumor 
spheroids with MG-132 prior to individual or combination treatments with cisplatin 
and narciclasine and assessed MCL1 levels by western blotting. MG-132 pretreatment 
increased basal levels of MCL1 and further induced accumulation of MCL1 in response 
to cisplatin treatment (Fig.  6B). This suggests that cisplatin induces proteasomal 
degradation of MCL1, which is consistent with previous reports [27]. However, following 
MG-132 pretreatment, tumor spheroids treated with narciclasine exhibited lower levels 
of MCL1 than those treated with the vehicle, confirming that narciclasine inhibited the 
translation of MCL1, as shown in Fig. 4. The decrease in MCL1 protein levels induced 
by the combination treatment were not restored with MG-132 pretreatment to the same 
degree as that seen with narciclasine (Fig. 6B). This could be due to the fact that MCL1 
mRNA levels were much lower in the combination treatment group than that in the 
narciclasine group, and protein synthesis may have also been lower. At 48 h, MCL1 levels 
were lower by 4.2-fold in the combination group than in the narciclasine group. With 
MG-132 pretreatment, the decrease was only 1.6-fold when compared with narciclasine 
alone, indicating increased proteasomal degradation of MCL1 with the combination 
treatment when compared with narciclasine alone.

Our data suggest that NOXA, which increased in response to cisplatin alone or in 
combination with narciclasine, plays an important role in MCL1 degradation (Figs. 3D, 
6B). Hence, we analyzed changes in MCL1 levels using cycloheximide chase assay 
following each treatment, with or without knockdown of NOXA (Fig. 6C). The half-life of 
MCL1 in the untreated group was about 41.8 min and considerably shorter in the group 
treated with cisplatin (t1/2 = 30.3 ± 1.9  min). The half-life of MCL1 in the combination 
of cisplatin and narciclasine (t1/2 = 24.9 ± 1.4 min) was the shortest, likely owing to the 
highest induction of NOXA (Fig.  6D). Additionally, NOXA knockdown extended the 
half-lives of MCL1 in the vehicle- (t1/2 = 51.1 ± 4.4 min), cisplatin- (t1/2 = 47.9 ± 7.4 min), 
and combination-treated (t1/2 = 49.1 ± 6.2 min) groups (Fig. 6D). The stability of MCL1 
was enhanced when NOXA was silenced, which confirms that the increase in NOXA 
levels in response to cisplatin and the combination treatment mediated the degradation 
of MCL1.
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Fig. 6  NOXA induced by cisplatin and the combination treatment augmented MCL1 degradation. A 
Twenty-four hours after treatment of A549 tumor spheroids with individual or combination treatments of 
cisplatin and narciclasine, MCL1 mRNA levels were evaluated using RT-qPCR. Data are presented as fold 
change in MCL1 expression, normalized to GAPDH expression. *p < 0.05. Data are mean ± SEM from three 
independent experiments in triplicate. B A549 tumor spheroids were pretreated with 10 μM MG-132 for 1 h, 
followed by treatment with 10 μM cisplatin, 0.3 μM narciclasine, or their combination for 24 and 48 h. MCL1 
and NOXA levels were analyzed by western blotting. Numbers below the blot represent relative levels of the 
proteins, normalized to GAPDH levels. Data represent one of three independent experiments with similar 
results. C A549 cells transfected with siNC or siNOXA were pretreated with 5 μM cisplatin, 0.1 μM narciclasine, 
or their combination for 24 h before treatment with 10 μg/mL cycloheximide (CHX) for the indicated time 
periods. MCL1 and NOXA levels were measured by western blotting. MCL1 levels were quantified and 
normalized to GAPDH as shown in the right panel. *p < 0.05. Data are mean ± SD from three independent 
experiments. D Half-life t1/2 of MCL1 was calculated using linear regression analysis on the graph (C). E A549 
cells were co-transfected with the siNC or siNOXA with or without transfection of His-tagged ubiquitin 
(His-Ub) for 24 h, followed by the indicated treatment for 24 h. MCL1 and NOXA levels in the whole cell 
lysates were measured by western blotting. MCL1 levels were quantified and normalized to GAPDH as 
shown in the right panel. *p < 0.05 versus same treatment group with His-Ctrl and siNC, #p < 0.05 versus same 
treatment group with His-Ub and siNC. Data are mean ± SD from three independent experiments
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To investigate whether NOXA-mediated MCL1 degradation occurred through the 
ubiquitin–proteasome pathway, A549 cells were co-transfected with siNC or siNOXA, 
and a polyhistidine-tagged control (His-Ctrl) or ubiquitin (His-Ub), followed by 
treatment with cisplatin, narciclasine, or their combination (Fig. 6E). MCL1 levels were 
lower following His-Ub transfection compared with that with His-Ctrl transfection in the 
vehicle-, cisplatin-, and combination-treated groups. Consistent with our expectations, 
there was an overall increase in MCL1 levels in cells transfected with siNOXA compared 
with those transfected with siNC. However, in the absence of NOXA, MCL1 levels did 
not change significantly with the forced expression of ubiquitin (His-Ub), suggesting 
that NOXA is required for the ubiquitination of MCL1 (Fig. 6E). Specifically, with the 
combination treatment and forced expression of ubiquitin, MCL1 levels decreased to 
25% compared with the combination-treated His-Ctrl group; however, in the NOXA 
knockdown groups, MCL1 levels were similar, irrespective of the ubiquitin levels. In 
other words, the combination treatment significantly induced NOXA expression, which 
mediated the ubiquitin-proteasomal degradation of MCL1.

Taken together, our results indicated that the combination of cisplatin and narciclasine 
significantly increased NOXA expression, which downregulated MCL1 by enhancing 
proteasomal degradation, as well as inducing translational inhibition of MCL1, 
ultimately resulting in synergistic apoptotic cell death in NSCLC tumor spheroids.

Discussion
We utilized a three-dimensional (3D) culture system, which has been shown to be a 
more physiologically relevant model than conventional two-dimensional (2D) cultures, 
to identify a compound for combination therapy with cisplatin. Tumor spheroids as a 
3D in vitro tumor model reproduce aspects of the tumor microenvironment observed 
in solid tumors, including cell–cell and cell–matrix interactions, as well as nutrient and 
oxygen gradients [46]. These factors also affect drug penetration and diffusion, providing 
a better prediction of in vivo drug response [46]. The usefulness of tumor spheroids has 
been highlighted in cancer research, including for the characterization of tumor growth 
and development, cancer target discovery, and cancer drug screening [47]. In the present 
study, consistent with previous studies, tumor spheroids exhibited reduced sensitivity to 
drugs compared with cells cultured in 2D (Supplementary Table S1) [48–50].

In this work, we identified a natural product, narciclasine, that sensitizes NSCLC 
cells to cisplatin, suggesting a potential combination treatment for NSCLC resistant to 
current standard treatments. We aimed to elucidate the cellular mechanisms underlying 
the synergistic anticancer effects of cisplatin and narciclasine. Our results showed that 
concurrent treatment with cisplatin and narciclasine significantly reduced cell viability 
and induced apoptosis, thereby enhancing the sensitivity of cisplatin-resistant NSCLC 
tumor spheroids to cisplatin. Mechanistically, cisplatin induced NOXA expression, 
facilitating the proteasome-dependent degradation of MCL1, whereas narciclasine 
inhibited MCL1 translation by activating the UPR. Therefore, these compounds 
function via distinct mechanisms to downregulate the expression of MCL1, resulting in 
potentiated synergistic anticancer activity.

Synergistic effects of the combination were observed in NSCLC tumor spheroids 
derived from four cell lines with different genetic backgrounds: A549 (KRASG12S), 
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NCI-H358 (KRASG12C and TP53null), HCC2279 (EGFRΔ746–Δ750 and TP53Y234C), and 
NCI-H1975 (EGFRL858R/T790M and TP53R237H) (Supplementary Fig. S2) [51]. This 
suggests that the proposed combination approach is broadly applicable to refractory 
cancers, including EGFR-TKI-resistant cancers, irrespective of their genetic background.

The expression of NOXA, a target gene of p53, increases in response to DNA damage 
[21], consistent with our results (Fig.  3A–C). NOXA can also be induced by various 
other transcription factors, such as ATF3/ATF4, HIF1α, p73, and KLF4, in response to 
various cellular stresses [31, 52–55]. Herein, we observed the induction of NOXA mRNA 
expression in NCI-H1975, NCI-H358, and HCC2279 tumor spheroids, in which p53 
functionality was impaired (Supplementary Fig. S7A). These results suggest that NOXA 
can be induced through a p53-independent mechanism in cells with defective p53 
expression.
ATF3 was one of the most inducible genes following the combination treatment in all 

four NSCLC tumor spheroids (Fig. 2B; Supplementary Figs. S4C, S7D). ATF3 functions 
as both a pro- and anti-tumorigenic molecule, depending on the cellular context and 
tumor type [56]. ATF3 binds directly to p53 protein, preventing ubiquitin-mediated 
degradation of p53, and thereby increasing its function in response to DNA damage [57]. 
In contrast, knockdown of ATF3 in lung cancer cell lines has been reported to inhibit cell 
proliferation, migration, and invasion [58]. In this study, knockdown of ATF3 resulted 
in decreased cell viability and enhanced cell death, possibly via de-repression of NOXA 
(Fig. 3A–C), suggesting that ATF3 may function as a survival factor. Under combination 
treatment conditions, ATF3 was induced along with NOXA (Fig.  4F). However, the 
onset of increases in NOXA and ATF3 protein levels occurred at different times after 
combination treatment. ATF3 was rapidly induced 1 h after treatment (Fig. 4F), whereas 
NOXA increase was not observed until 24 h after treatment. These results suggest that, 
during the early phase after treatment, NOXA expression may be suppressed by ATF3, 
whereas it is activated by ROS-activated IRE1α–JNK/p38 signaling, resulting in only 
modest induction of NOXA within 24 h of combination treatment (Figs. 3C, 4F, 5B, D, 
F). Then, p53 accumulation became evident 24  h after treatment (Supplementary Fig. 
S10), and accordingly, an increase in NOXA expression was stronger and sustained in the 
later time points (Fig. 4F). In other words, temporal changes in the strength of multiple 
regulatory signaling pathways, p53, ROS-activated IRE1α–JNK/p38, and IRE1α–p38–
ATF3 led to the dominant upregulation of NOXA, which may counteract the survival 
effect of ATF3, ultimately shifting the balance toward apoptotic cell death. A similar 
phenomenon has been observed in TNF-α signaling, which can paradoxically promote 
either cell survival or death depending on the balance of competing signals. TNF-α 
activates NF-κB, promoting the expression of pro-survival genes, while simultaneously 
activating caspase-8 via the TNF receptor-associated death domain, leading to apoptosis 
[59]. The final outcome regarding whether the cell survives or undergoes apoptosis is 
determined by the relative strength of these opposing signals.

In A549, NCI-H1975, and HCC2279 tumor spheroids, NOXA protein expression was 
elevated following combination treatment (Fig.  2F; Supplementary Fig. S7C). In NCI-
H358 tumor spheroids, despite similar mRNA levels, NOXA protein levels increased 
with combination treatment when compared with narciclasine alone, which mediated 
the inhibition of translation (Supplementary Fig. S7A, C), suggesting the stabilization 
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of NOXA by the combination treatment. NOXA is post-translationally regulated by the 
E3 ubiquitin ligase carboxy-terminus of hsc70 interacting protein and deubiquitinase 
ubiquitin carboxy-terminal hydrolase-L1 [60, 61]. Further, NOXA is stabilized upon 
exposure to hydrogen peroxide owing to the inhibition of proteasomal degradation 
[62]. This may explain why NOXA levels with the combination treatment were lower 
than those with control or cisplatin treatment in the presence of MG132 in A549 tumor 
spheroids (Fig. 6B).

NOXA is induced by various anticancer agents, including cisplatin, paclitaxel, and 
bortezomib, which promote apoptotic cell death via mechanisms such as transcriptional 
regulation and protein stabilization [31]. In response to cellular stress, NOXA levels 
are elevated, and it preferentially binds to MCL1 and promotes its ubiquitin-mediated 
proteasomal degradation, thereby decreasing the half-life of MCL1 [63, 64]. Consistent 
with previous reports, the half-life of MCL1 was notably reduced by the combination 
treatment, in which NOXA expression was the highest (Fig.  6C). MCL1 stability is 
regulated by various E3 ubiquitin ligases and deubiquitinases [65]. On the basis of RNA 
sequencing results, we noted that the mRNA levels of ubiquitin-specific protease 13 
(USP13), the deubiquitinase responsible for removing polyubiquitin chains from MCL1 
[66], was decreased approximately 4- to 15-fold following combination treatment in 
all four NSCLC tumor spheroids (Supplementary Fig. S8F). This decline in USP13 
expression may also contribute to the complete downregulation of MCL1 by the 
combination treatment, alongside NOXA-mediated MCL1 degradation.

The cytotoxicity of narciclasine was evaluated against 60 human cancer cell lines by 
the National Cancer Institute, and the mean 50% growth inhibition (GI50) was 16 nM, 
demonstrating its potent anticancer activity [67, 68]. In contrast to cancer cells, normal 
cells are less sensitive to narciclasine [16, 17]. Although various mechanisms have been 
reported to underlie the anticancer effects of narciclasine, the relationship between 
narciclasine and ER stress has not yet been explored. In the present study, we report 
that narciclasine activated the ER stress sensors PERK and IRE1α and their downstream 
targets eIF2α, JNK, and p38 mitogen-activated protein kinase, respectively (Fig.  4E). 
These signaling pathways ultimately converge upon the induction of CHOP [69], 
whose levels were elevated after treatment with narciclasine (Fig.  4E, F). In addition 
to the previously reported function of narciclasine with respect to suppressing protein 
translation through binding to eEF1A [19], we found that narciclasine inhibited protein 
translation via phosphorylation of eIF2α, a critical factor in stress-mediated translation 
inhibition (Fig. 4D, E). Therefore, our findings demonstrated that narciclasine triggered 
UPR response through activation of the PERK–eIF2α and IRE1α–JNK/p38 axes.

In addition to our findings that NOXA upregulation induced by the combination 
treatment is regulated by p53, we further discovered that NOXA expression is 
controlled by the UPR through the IRE1α–JNK/p38 axis. Various stressors such as 
TNF-α, lipopolysaccharide (LPS), and ultraviolet (UV) irradiation trigger p38-mediated 
phosphorylation of STAT1 at the Ser727 residue [44]. Phosphorylation of STAT1 at 
S727 enhances transcriptional activity of p53, resulting in increased induction of pro-
apoptotic genes including NOXA, BAX, and Fas [70]. This suggests that the dramatic 
elevation in NOXA expression induced by the combination treatment is possibly due to 
p53 stimulation through distinct cellular signaling.
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Conclusions
We demonstrated that narciclasine sensitized cisplatin-resistant NSCLC tumor 
spheroids to cisplatin by inducing apoptosis. Mechanistically, combination treatment 
with narciclasine and cisplatin attenuated MCL1 through translation inhibition, and 
induced NOXA, which further facilitated MCL1 degradation. Thus, the combination 
of cisplatin and narciclasine presents a promising therapeutic strategy that can 
overcome chemoresistance and potentially improve treatment outcomes.
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