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Abstract Human NAD(P)H: quinone oxidoreductase 1 (NQO1) is a flavoenzyme expressed at high

levels in multiple solid tumors, making it an attractive target for anticancer drugs. Bioactivatable

drugs targeting NQO1, such as b-lapachone (b-lap), are currently in clinical trials for the treatment of

cancer. b-Lap selectively kills NQO1-positive (NQO1þ) cancer cells by inducing reactive oxygen species

(ROS) via catalytic activation of NQO1. In this study, we demonstrated that cryptotanshinone (CTS), a

naturally occurring compound, induces NQO1-dependent necrosis without affecting NQO1 activity.

CTS selectively kills NQO1þ cancer cells by inducing NQO1-dependent necrosis. Interestingly, CTS

directly binds to NQO1 but does not activate its catalytic activity. In addition, CTS enables

activation of JNK1/2 and PARP, accumulation of iron and Ca2þ, and depletion of ATP and NADþ.
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Furthermore, CTS selectively suppressed tumor growth in the NQO1þ xenograft models, which was

reversed by NQO1 inhibitor and NQO1 shRNA. In conclusion, CTS induces NQO1-dependent necrosis

via the JNK1/2/iron/PARP/NADþ/Ca2þ signaling pathway. This study demonstrates the non-enzymatic

function of NQO1 in inducing cell death and provides new avenues for the design and development of

NQO1-targeted anticancer drugs.

ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Lung cancer is the leading cause of cancer-related death
worldwide1. Among the subtypes of lung cancer, non-small cell
lung cancer (NSCLC) accounts for nearly 85% of all lung cancer
patients2. Despite the extensive research involved in targeted
therapy and immunotherapy contributing to the improvement of
overall survival, effective therapies for most lung cancer patients
remain unavailable3. Thus, exploring new targets and treatment
approaches is still urgent.

The human NAD(P)H: quinone oxidoreductase 1 (NQO1; EC
1.6.5.2), also referred to as DT diaphorase in earlier literature4, is
a cytosolic multifunctional flavoenzyme that catalyzes the two-
electron reduction of quinones to hydroquinones in an NAD(P)
H-dependent manner5. NQO1 overexpression has been docu-
mented in various cancers including lung, breast, colon, pancre-
atic, adrenal, bladder, liver, ovarian, cervical, and thyroid, making
this enzyme an attractive cancer target for drug development6-9.
NQO1 has been found to be overexpressed up to 200-fold in more
than 80% of NSCLC cases and up to 100-fold in more than 80%
of pancreatic cancer cases10. NQO1 acts as a phase II enzyme by
catalyzing the detoxification of various endogenous and exoge-
nous toxic substances including xenobiotic quinones, such as
ubiquinone, CoQ derivatives, vitamin E quinone, catechol estro-
gen o-quinones, dopamine-derived quinones, and others11. Several
natural naphthoquinones such as b-lapachone (b-lap), BBI608,
deoxynyboquinones, 2-methoxy-6-acetyl-7-methyljuglone
(MAM), and tanshindiol B (TSB), have been identified as excel-
lent NQO1 substrates12-15. The catalytic detoxification of these
quinones to semiquinones and hydroquinone by NQO1 leads to
the rapid generation of reactive oxygen species (ROS) which
promotes oxidative DNA damage, activation of c-Jun N-terminal
kinase 1/2 (JNK1/2), elevation of Ca2þ, hyperactivation of
poly(ADP-ribose) polymerase-1 (PARP-1), depletion of NADþ

and ATP, and ultimately, induction of cell death in NQO1þ cancer
cells13,14,16,17. These exogenous NQO1 substrates are referred to
as NQO1 bioactivatable drugs (NBDs). b-Lap, the flagship NBD,
is in phase I/phase II clinical trials and shows an apparent NQO1-
dependent anticancer effect in human patients with refractory
advanced solid tumors18,19. In addition, several other NBDs are
being developed and tested from bench to bedside.

Tanshinones, a family of over 40 lipophilic abietane diterpenes,
are extracted from Salvia miltiorrhiza Bunge (Danshen), a well-
known Chinese herb20. Danshen has been used as a cardiovascular
protection herb21. However, modern research shows that tanshinones
have a wide range of pharmacological activities, such as anticancer,
anti-inflammatory, and neuroprotective22,23. Cryptotanshinone
(CTS), the second most abundant tanshinone in Danshen,
exhibits diverse pharmacological effects including anticancer,
anti-inflammatory, neuroprotective, and anti-fibrosis24,25. The anti-
cancer effects of CTS on cancers such as lung, liver, stomach, colon,
breast, bladder, ovarian, melanoma, and leukemia have been well
established in the literature24,25 while the underlying mechanisms
and molecular targets are still unclear. The signal transducer and
activator of transcription 3 (STAT3) has been reported as one of the
candidate targets of CTS for anticancer effect26. We previously re-
ported that CTS kills cancer cells by inducing pro-death autophagy
through JNK1/2 signaling mediated by ROS27. In this study, we used
theNQO1 high-expressing cell linesA549 andH460 aswell as H460
xenograft models to identify NQO1 as a novel anticancer target of
CTS. Furthermore, we found that CTS does not affect the catalytic
activity of NQO1, in contrast to the extensively studied NBDs.

2. Materials and methods

2.1. Chemicals and reagents

CTS (purity>98%) purchased from Chengdu Pufei De Biotech Co.,
Ltd. was prepared as a 20 mmol/L stock solution in dimethyl
sulfoxide (final concentration < 0.1% (v/v)) and stored at �20 �C.
Deferoxamine (DFO), deferiprone (DFP), propidium iodide (PI),
Hochest 33342, GSK’827, necrosulfonamide (NSA), and 3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT)
were purchased from SigmaeAldrich (St. Louis, MO, USA).
Dicomarol (DIC), olaparib, VX765, 2-aminoethyl diphenylborinate
(2APB), BAPTA, and b-lap were purchased from Selleckchem
(Houston, TX, USA). Oxidized nicotinamide adenine dinucleotide
(NADþ), cycloheximide (CHX), ferrostatin-1 (Fer-1), flavin
adenine dinucleotide (FAD), and reduced nicotinamide adenine
dinucleotide (NADH) were purchased from MedChemExpress
(New Jersey, USA). DiI was purchased from Invitrogen (Carls-
bad, CA, USA). 20,70-Dichlorofluorescin diacetate (DCFH2-DA),
and calcein-AM were purchased from Molecular Probes (Eugene,
OR, USA). RIPA lysis buffer, phenylmethanesulfonyl fluoride
(PMSF), cocktail, Coomassie blue staining solution, isopropyl-L-
thio-B-D-galactopyranoside (IPTG), NADþ/NADH kit, and lactate
dehydrogenase (LDH) kit were purchased from Beyotime
(Shanghai, China). The CellTiter-Glo� assay kit was purchased
from Promega (Madison, WI, USA). Primary antibodies for NQO1,
GPX4, JNK1/2, p-JNK1/2, caspase 1/3/7/8, gasdermin D
(GSDMD), and poly/mono-ADP ribose (PAR) were purchased
from Cell Signaling Technology (Beverly, MA, USA). GAPDH
was purchased from Proteintech (Chicago, IL, USA).

2.2. Cell culture

A549, H460, and HEK293T cells were obtained from the Amer-
ican Type Culture Collection (ATCC, Manassas, VA, USA). H596
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was obtained from the Cell Bank of the Chinese Academy of
Sciences (Beijing, China). A549, A549/shNQO1, H460, H460/
shNQO1, H596, and H596/NQO1 cells were cultured in RPMI
1640 (Gibco, Grand Island, NY, USA). HEK293T cells were
maintained in Dulbecco’s modified Eagle’s medium (Gibco). All
culture media contain 10% fetal bovine serum (Gibco), 100 U/mL
penicillin, and 100 mg/mL streptomycin. Cells were cultured in a
5% CO2-containing humidified incubator at 37 �C.

2.3. Cell viability assay

Cell viability was evaluated by MTT, LDH release, and ATP levels
according to our previous report28 using the MTT, LDH assay kit,
and ATP kit, respectively.

2.4. PI staining

Cells with or without treatment were incubated with PI (5 mg/mL) for
10 min at room temperature in the dark. Images were captured using
the IncucyteS3 live cell analysis system(EssenBioscience,MI,USA).

2.5. Western blotting

Harvested cells and tumor tissues were lysed in RIPA lysis buffer
containing PMSF (1 mmol/L) and cocktail (1:50). After protein
quantification using BCA protein assay kits (Pierce), a total of 30 mg
protein per sample was separated by SDS-PAGE and transferred to
polyvinylidene difluoride membranes (Bio-Rad, Richmond, USA).
After blocking with 5% nonfat milk for 1 h, the membranes were
incubated with primary antibodies (1:1000) overnight at 4 �C, fol-
lowed by incubation with horseradish peroxidase-conjugated sec-
ondary antibodies (1:5000) for 1 h at room temperature. Targeted
bands were detected using the ChemiDoc™ Imaging System (Bio-
Rad Laboratories, Hercules, CA, USA).

2.6. NQO1 expression and purification

Human NQO1 genes (GenBank: NP_000894.1) were cloned into
pET28a with the N-terminal hexahistidine tag and expressed in
BL21 (Beyotime) Escherichia coli strain. The bacteria were then
grown in kanamycin-resistant LB medium at 37 �C until OD600

reached 0.6e0.8. Protein expression was then induced with IPTG
(0.5 mmol/L) and cells were further incubated at 18 �C for 16 h.
Cells were harvested by centrifugation at 10,000 � g (Thermo
Scientific, Sorvall LYNX, Waltham, MA, USA) at 4 �C. The cell
pellets were resuspended in lysis buffer (10 mmol/L imidazole and
1 mmol/L PMSF in 20 mmol/L Tris-HCl, pH 7.6) and sonicated
for 1 h on ice. Soluble proteins were collected from the cell lysate
by centrifugation at 15,000 � g (Thermo Scientific) for 30 min at
4 �C and then applied to an immobilized Ni-NTA affinity chro-
matography column (Beyotime) previously equilibrated with
binding buffer (BB). After collecting the flow, the column was
washed with BB and then eluted with elution buffer (BB con-
taining increasing concentrations of imidazole). The purified
protein was concentrated in 10 kD ultrafiltration centrifuge tubes
with 20 mmol/L Tris-HCl (pH 7.6). The purity of NQO1 was
confirmed by SDS-PAGE with Coomassie blue staining.

2.7. NQO1 activity assay

The enzymatic activity of NQO1 was determined according to our
previous report12. Briefly, a total reaction system of 200 mL
contained 50 mg cell lysates or 50 ng NQO1 protein, 5 mmol/
L FAD, 200 mmol/L NADH, and Tris-HCl reaction buffer
(25 mmol/LTris-HCl, pH 7.5, 0.7 mg/mL BSA, 0.01% Tween 20).
CTS, b-lap, or DIC was added to the reaction system, and the
oxidation reaction of NADH to NADþ; by NQO1 was monitored
at 340 nm for 5 min using a FlexStation 3 microplate reader
(Molecular Devices, Sunnyvale, CA, USA).

2.8. Cellular thermal shift assay (CETSA)

CETSA was performed as previously reported29. Briefly, A549 or
H460 cell lysis was divided into two equal groups with dimethyl
sulfoxide or CTS for 0.5 h at room temperature. Then, each group
was divided into 7 tubes at the indicated temperatures and heated
for 5 min. The heated samples were then centrifuged at
14,000 rpm (Centrifuge 5424R, Eppendorf, Hamburg, Germany)
for 20 min at 4 �C, and the supernatant was collected and analyzed
by Western blotting.

2.9. Tryptophan fluorescence wavelength assay

Tryptophan fluorescence wavelengths are widely used to monitor
changes in proteins and to infer local structure and dynamics30.
The NQO1 (1 mmol/L) was incubated with CTS at concentrations
ranging from 0 to 28 mmol/L for 10 min at room temperature.
Protein fluorescence was monitored at excitation and emission
wavelengths of 282 nm and 300e380 nm, respectively, using a
FluoroMax-4 fully automated spectrofluorometer system (Horiba
Jobin Yvon, Bensheim, Germany).

2.10. siRNA silencing

Cells (0.4 � 106) were transfected with siRNAs for 48 h using
5 mL Lipofectamine 3000 (Invitrogen). The siRNA sequences
were as follows:

siNQO1-1: 50-CAGUACACAGAUACCUUGA-30,
siNQO1-2: 50-GAACCUCAACUGACAUAUA-30,
siPARP: 50-GCAGCUUCAUAACCGAAGATT-30,
siJNK1: 50-GCUCAGGAGCUCAAGGAAUTT-30,
siJNK2: 50-CCAGCAGCUGAAACCAAUUTT-30;
Negative control siRNA: 50-UUCUCCGAACGUGU-

CACGUTT-30. All siRNAs were purchased from GenePharma
Company (Shanghai, China).

2.11. Measurement of the iron

The iron levels were measured by two different methods: calcein-
AM staining and inductively coupled plasma mass spectrometry
(ICP-MS). Cells (1.0 � 105) after various treatments were stained
with calcein-AM (0.05 mmol/L) for 30 min at 37 �C in the dark.
Then, cells were detected by FACScanto™ flow cytometer using
the FITC channel (BD Biosciences, San Jose, CA, USA) or the
Incucyte S3 live-cell analysis system.

For the ICP-MS, a BCA kit was used to quantify the protein
concentration of cells or tissue lysates. A total of 0.5 mL of cell
lysate or tumor tissue lysates were thermally digested in 1.5 mL
of a 68% HNO3: H2O2 (v/v Z 4:1) solution overnight. After
digestion, samples were diluted with 2% HNO3 solution and
analyzed by ICP-MS iCAP Q (Thermo Fisher Scientific, Wal-
tham, MA, USA). The iron content of each sample was
normalized to the protein concentration and calculated as pg
[iron]/mg [protein].
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2.12. Laser scanning confocal microscopy

Cells (1.0 � 105) were seeded in the confocal dish for 24 h. Images
were captured using a Leica SP8 laser scanning confocal micro-
scope (Leica, Wetzlar, Germany). The fluorescence of calcein-AM,
lysosome tracker, and Hochest 33342 was determined at Ex/Em
488/515e560 nm, 577/590 nm, and 361/460e490 nm, respectively.

The immunofluorescence assay was described in a previous
study29. Briefly, cells (0.5 � 104) were seeded overnight in
covered glass-bottom dishes and treated with or without CTS.
Cells were fixed with 4% paraformaldehyde in PBS (pH 7.4) for
15 min at room temperature. The fixed cells were then per-
meabilized with 0.1% Triton X-100 in PBS for 15 min and
blocked with PBST blocking buffer (0.1% Tween 20, 1% BSA,
and 22.52 mg/mL glycine in PBS) for 1 h at room temperature.
Calnexin or NQO1 antibodies (1:100) in blocking buffer were
incubated overnight at 4 �C followed by incubation with the
second antibody (1:500) for 1 h at room temperature. After
Hoechst 33342 staining for 5 min, cells were analyzed using a
Leica SP8 laser scanning confocal microscope.

2.13. Construction of NQO1 knockdown cells

The virus was produced by co-transfection of HEK293T cells with
pLKO.1-shRNA plasmid, psPAX2, and pMD2.G in a 3:2:1 (w/w/
w) ratio, using 4 mL TurboFect (Thermo Scientific) transfection
reagent. After 48 and 72 h, the medium containing the secreted
virus was harvested and sterile-filtered. The shRNA sequences
targeting NQO1 and negative control (Invitrogen) were as follows:

shNQO1-1: 50-CCGG CGAGTCTGTTCTGGCTTATAACTCG
AGTTATAAGCCAGAACAGACTCGTTTTTG-30,

shNQO1-2: 50-CCGG CGAGTGTTCATAGGAGAGTTTCT
CGAGAAACTCTCCTATGAACACTCGTTTTTG-30,

shNQO1-3: 50-CCGG TGGAAGAAACGCCTGGAGAAT
CTCGAGATTCTCCAGGCGTTTCTTCCATTTTTG-30,

Negative control: 50-CCGG GAATCCGCACTACTCCTTACA
CTCGAGTGTAAGGAGTAGTGCGGAT
TCTTTTTG-30.

Nucleotides in italics indicate the overhangs introduced into the
oligos necessary for cloning into the AgeI site of pLKO.1-TRC.

The target cells were seeded in 6-well plates and incubated
with an equal mixture of lentivirus solution and fresh medium for
48e72 h, followed by replacement of the fresh medium with an
appropriate concentration of antibiotic until the non-transfected
cells were completely dead. The remaining cells were seeded into
96-well plates to obtain single clone cells. After approximately 2
weeks, the single clone cells were expanded and NQO1 expression
in each clone was examined by Western blotting.

2.14. Exogenous gene expression

HEK293T cells were transfected with the packaging plasmids
psPAX2, and pMD2.G, plus the pLVX vector with NQO1 wild-
type or mutant fragments. The construction of stable cell lines was
similar to that of the NQO1 knockdown cells. The plasmids of
pLVX-NQO1 wild-type and pLVX-NQO1 mutant were purchased
from YouBio (Changsha, China).

2.15. Molecular docking

The crystal structure of NQO1 in complex with the inhibitor DIC
(PDB 5FUQ, unpublished results) was used as the model for our
molecular docking. The chemical structures of tanshinones and
b-lap were illustrated using ChemDraw, and the energy was
minimized using Chem3D. The resulting structures were then
saved as PDB files. The protein and small molecules were pre-
pared with AutoDockTools31. AutoDock Vina software was
employed to investigate the interaction between the NQO1 pro-
tein and small molecules32. The docked structures were visual-
ized using Chimera version 1.13.1 and PyMOL (https://pymol.
org/edu/)33. Ligplot version 2.2.8 was used to generate the 2D
diagrams depicting the interaction of tanshinones or b-lap
with NQO134.

2.16. Measurement of Ca2þ

Intracellular and mitochondrial Ca2þ levels were determined using
fluorescent probes, specifically Fluo-3 AM ester and Rhod-2 AM
(Thermo Scientific), respectively. Briefly, cells (1.0 � 105) treated
with or without CTS were incubated with Fluo-3 AM (5 mmol/L)
or Rhod-2 AM probe (10 mmol/L) at 37 �C for 30 min in the dark.
Samples were then analyzed using the FACScanto™ flow cy-
tometer, with the FITC channel for total Ca2þ and the PE channel
for mitochondrial Ca2þ detection.

To further confirm the effect of CTS on Ca2þ, cells (0.4 � 106)
were transfected with the 2 mg GCaMP3 plasmid (Addgene
#22692) using 4 mL Turbofect in 4 mL medium for 48 h. The
results were analyzed by a Leica SP8 laser scanning confocal
microscope.

2.17. In vivo study

Six-week-old male nude mice weighing between 25 and 30 g
were maintained in a laminar flow environment under sterile
conditions. Injections of 0.1 mL suspension of H460 cells
(4 � 107 cells/mL) or H460 NQO1 knockdown (H460-shNQO1)
cells in PBS were administered into the axilla of nude mice.
When the average tumor volume reached approximately
50 mm3, mice injected with H460 cells were randomly divided
into the vehicle, CTS (25 mg/kg), and CTS (25 mg/kg) plus
DIC (2 mg/kg) co-treatment groups (n Z 7). Mice injected with
H460/shNQO1 were randomly assigned to the vehicle and CTS
(25 mg/kg) groups (n Z 7). CTS and DIC were administered
intraperitoneally daily for 15 consecutive days. Tumor volumes
and mice body weights were recorded every two days. Tumor
volume was measured with a vernier caliper and calculated as
Eq. (1):

VolumeZ
�
Width2�Length

��
2 ð1Þ

When the mice were sacrificed, the tumors were isolated
and weighed. All the animal experiments were approved by
the Animal Research Ethics Committee of the University of
Macau.

2.18. Statistical analysis

Data are expressed as mean � standard deviation (SD). Statistical
analysis was performed using GraphPad Prism 6.0 (GraphPad
Software, Inc., La Jolla, CA). Differences between the two groups
were compared using a two-sided t-test. One-way ANOVA fol-
lowed by Dunnett’s test, or two-way ANOVA followed by the
Bonferroni post hoc test was used to analyze the differences be-
tween more than two groups. P values less than 0.05 were
considered statistical significance.

https://pymol.org/edu/
https://pymol.org/edu/


Figure 1 CTS induces non-apoptotic cell death in NSCLC cells. (A) A549 and H460 cells were treated with CTS and the ATP levels were

measured using the CellTiter-Glo ATP-based luminescence assay. (B) A549 and H460 cells were treated with CTS for 12 h and then stained with

PI. Images were captured using the Incucyte S3 live cell analysis system. Scale bar: 200 mm. (C) Cells were treated with CTS for 12 h and

apoptotic cells were detected with Annexin V/7AAD double staining by flow cytometry. (D) Caspase 3/7 activities were determined after CTS or

DDP treatment for 6 and 12 h, respectively. DDP (cisplatin) was used as a positive control. (E) Cells were pretreated with Z-VAD-FMK (20 mmol/

L) for 1 h, followed by CTS treatment for another 12 h. Cell viability was measured by MTT assay. ns, no significance. ***P < 0.001. In (A), (D),

and (E), data are presented as mean � SD, n Z 3.
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Figure 2 CTS induces NQO1-dependent non-apoptotic cell death. (A, B) ATP levels and cell viability were determined after CTS treatment for

4 and 12 h, respectively, with or without DIC pretreatment for 1 h. (C, D) Cells were transfected with NQO1 siRNA or NC (negative control

siRNA) for 48 h and then treated with CTS for 4 and 12 h for the detection of ATP levels (C) and MTT assay (D). (E) NQO1 stable knockdown

cells and parental cells were treated with CTS for 4 h and the ATP levels were determined. (F) NQO1 was steadily overexpressed in NQO1e H596

and HEK293T cells. ATP levels were determined after CTS treatment for 4 h. **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are presented as

mean � SD, n Z 3.
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3. Results

3.1. CTS induces non-apoptotic necrosis in NSCLC

CTS significantly decreased the cell viability of NQO1þ lung cancer
cell lines (A549 and H460) in concentration-dependent manners
(Supporting Information Fig. S1A). Furthermore, CTS caused a
rapid ATP decrease, LDH release, and PI penetration into the cells
(Fig. 1A and B, Fig. S1B). Light microscopy and transmission
electron microscope (TEM) revealed the appearance of many cyto-
solic bubbles in the cells (Fig. S1C and S1D). In addition, CTS
decreased the spheroid cell viability and 3D spheroid formation in
the 3D spheroid assay (Fig. S1E and S1F).

An apoptosis assay was conducted because CTS induces
apoptosis in liver, breast, and kidney cancer cells35,36. CTS in-
duces a significant increase of 7-AAD(þ)/Annexin V(�) cells in
both cell lines (Fig. 1C). Furthermore, CTS has no effect on the
cleavage of caspases 3/7/8 (Supporting Information Fig. S2A) and
the activities of caspases 3/7 (Fig. 1D). In contrast, cisplatin, a
chemotherapeutic drug, induces caspase cleavage and increased
caspase activities (Fig. 1D and Fig. S2A). The pan-caspase in-
hibitor Z-VAD-FMK failed to reverse CTS-induced cell death
(Fig. 1E). These results indicate that CTS triggers non-apoptotic
necrotic cell death.

Biomarkers and specific inhibitors of necroptosis, pyroptosis,
paraptosis, and ferroptosis were used to investigate the CTS-
induced cell death category. The expression of GSDMD, caspase
1, and GPX4 was not affected by CTS (Fig. S2G and S2H).
Furthermore, GSK’827 (receptor-interacting serine/threonine ki-
nase 3 inhibitor), NSA (mixed lineage kinase domain-like inhib-
itor), glycine (cytoprotective effects in pyroptosis), VX765
(caspase 1 inhibitor), CHX (paraptosis inhibitor), IM54 (necrosis
inhibitor), and Fer-1 (ferroptosis inhibitor) were unable to reverse
CTS-induced cell death (Fig. S2BeS2F).



Figure 3 CTS targets the non-enzymatic function of NQO1. (A) CETSA determined the binding between CTS and NQO1. Cell lysates with or

without CTS were heated at the indicated temperature. NQO1 levels were calculated by Western blotting and quantitative analysis. (B) Fluo-

rescence titration was used to determine the interaction between CTS and NQO1. Recombinant NQO1 (1 mmol/L) was titrated with CTS (0, 4, 8,

12, 16, 20, 24, and 28 mmol/L). (C) A549 cells were treated with CTS (10 mmol/L) and the NQO1 levels were determined by Western blotting. (D)

A549 and H460 cell lysates were exposed to CTS with or without DIC and the NQO1 activities were determined. b-Lap was used as a positive

control. (E) Overview of the catalytic site of the NQO1-CTS docked structure superposed to the NQO1 structure in complex with DIC (PDB

5FUQ). (F) Overview of the catalytic site of the NQO1-CTS docked structure superimposed to the NQO1 structure in complex with the com-

pounds b-lap (violet sticks), the chemotherapeutic drug E09 (PDB 1GG5) (orange sticks), and the MAM (pink sticks). All protein residues at the

catalytic site are shown as sticks. (G) Hydrogen bond interactions with residues at the catalytic site as determined by CTS (green sticks) and DIC

(yellow sticks). All protein residues at the catalytic site are shown as sticks in cyan for the NQO1-CTS docked structure and in salmon for the

NQO1-DIC structure (PDB 5FUQ). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. In (A) and (D), data are presented as mean � SD,

n Z 3.
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3.2. CTS-induced necrosis is NQO1-dependent

CTS-induced cell death is significantly reversed by DIC, a potent
and competitive inhibitor of NQO1 (Fig. 2A and B). Transient
silencing and stable knockdown of NQO1 show similar effects
(Fig. 2CeE). CTS has no cytotoxic effect on the NQO1 negative
(NQO1e) cell lines H596 and HEK293T. In contrast, NQO1
transfection significantly sensitizes the effect of CTS (Fig. 2F).
Notably, the significant cytotoxic effect of CTS is observed only in
NQO1þ and not in NQO1e cells (Supporting Information
Fig. S3A and S3B). This suggests that CTS selectively killed
NQO1þ cancer cells.
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3.3. Non-enzymatic function of NQO1 contributes to CTS-
induced necrosis

CTS significantly increased NQO1 stability in both A549 and
H460 cells in the CETSA assay, indicating the direct binding of
CTS to NQO1 (Fig. 3A). The interaction between CTS and NQO1
is confirmed by the fluorescence quenching assay (Fig. 3B). While
CTS upregulates NQO1 mRNA levels, it does not affect the
translocation and protein expression of NQO1 (Fig. 3C and Sup-
porting Information Fig. S4A and S4B). In particular, CTS shows
no effect on NQO1 catalytic activity in enzymatic activity assays
using A549 and H460 cell lysates (Fig. 3D) and recombinant
NQO1 protein (Fig. S4C). In contrast, b-lap, an NBD, signifi-
cantly increased NQO1 activities, which was inhibited by DIC
(Fig. 3D and Fig. S4C).

To gain further insight into the molecular determinants of the
interaction of CTS with NQO1, we performed molecular docking
using the X-ray structure of NQO1 in complex with the inhibitor
DIC (PDB 5FUQ, unpublished results), as a reference model and
compared it with other previously reported NQO1 structures. The
docked structure of NOQ1 with CTS, shows that CTS is positioned
between Tyr129 and Phe 233 in an orientation similar to that re-
ported in the X-ray structure of NQO1 in complex with DIC (PDB
5FUQ) (Fig. 3E). Then, we further compared the docked structures
of substrates with CTS, including b-lap, the chemotherapeutic drug
Figure 4 CTS triggers sustained JNK1/2 activation. (A) Effect of CTS on

treated with CTS for 4 h with or without SP600125 pretreatment for 1 h

JNK1/2 siRNAs for 48 h and then treated with CTS for 4 h. The ATP leve

for 0.5 h and the activation of JNK1/2 was detected. (E) Cells were treate

activation of JNK1/2 was detected. **P < 0.01, ***P < 0.001. In (B) an
E09 (PDB 1GG5)37 and MAM (docking structure previously re-
ported by our group)12 (Fig. 3F). Results show that CTS positions a
different binding site in NQO1 compared to other substrates/in-
hibitors that interact with NQO1 through the isoalloxazine ring by
positioning in a parallel orientation to the FAD. Furthermore, our
docking results show that the binding mode of CTS is also quite
similar to that observed for DIC, forming hydrogen bond in-
teractions with the enzyme at Phe 107, Tyr129, Gly 150, and His
195 (Fig. 3G). In addition, the mutant of sites Tyr129 and Gly150 in
H596 cells impaired the cytotoxity of CTS (Fig. S4D). Thus, these
results indicate that CTS does not bind to NQO1 at the canonical
catalytic site but near it. This may be themain reason why CTS does
not affect NQO1 activity.

CTS belongs to a family of natural cytotoxic compounds called
tanshinones. They share a similar orthoquinone structure (Sup-
porting Information Fig. S5A). However, tanshinones exhibit
different effects on NQO1 activities (Fig. S5G). Although dihy-
drotanshinone I and tanshinol A moderately increase NQO1 ac-
tivities, their cytotoxic effects cannot be reversed by DIC (Fig. S5B,
S5C and S5G). TSB, tanshinone IIB (TanIIB), and tanshinone IIA
exhibit different effects on NQO1 activities, but their cytotoxicities
are all significantly reversed by DIC (Fig. S5DeS5G). The docking
results reveal that TSB, TanIIB, and tanshinone IIA can enter the
binding pocket of NQO1, of which TSB and TanIIB can form
hydrogen bonds with NQO1 (Fig. S5H).
JNK1/2 expression and phosphorylation in A549 cells. (B) Cells were

and the ATP levels were determined. (C) Cells were transfected with

ls were measured. (D) NQO1 knockdown cells were treated with CTS

d with CTS for 0.5 h with or without DIC pretreatment for 1 h. The

d (C), data are presented as mean � SD, n Z 3.
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3.4. JNK 1/2 activation involved in CTS-induced necrosis

JNK1/2 activation actively contributes to b-lap-induced cell death
in NQO1 overexpressing MDA-MB-231 cells38 and embryonic
fibroblasts39. CTS induces sustained JNK1/2 phosphorylation
(Fig. 4A). Furthermore, JNK1/2 inhibitor SP600125 pretreatment
or JNK1/2 knockdown can significantly reverse CTS-induced ATP
decrease (Fig. 4B and C). In addition, DIC or NQO1 knockdown
dramatically decreased JNK1/2 phosphorylation (Fig. 4D and E).
Thus, these results suggest that JNK1/2 plays a crucial role in
NQO1-dependent necrosis induced by CTS.
Figure 5 Involvement of iron in CTS-induced cell death. Cells treated w

by flow cytometry (A) or the Incucyte S3 live-cell imaging system (B). Sca

by ICP-MS (C), data are presented as mean � SD, nZ 3e4. A549 cells we

with CTS for 3 h followed by staining with lysotracker red and Hochest

10 mm. A549 cells were pretreated with DFO, DFP, ferric ammonium citrat

or 1 h (G). MTT assay (E, F) and ATP levels (G) were analyzed. Cells were

accumulation was detected by calcein-AM using flow cytometry (H). Wild

accumulation was detected by calcein-AM using flow cytometry (I). *P < 0

data are presented as mean � SD, n Z 3.
3.5. NQO1-mediated iron release contributes to CTS-induced
necrosis

CTS induces a significant quenching of calcein-AM fluorescence,
suggesting an increase in intracellular iron levels (Fig. 5A and B).
The CTS-induced increase in cellular iron is further detected by
ICP-MS (Fig. 5C). The combination of lysotracker localization
and calcein-AM staining reveals an increase of iron in lysosomes
after CTS treatment (Fig. 5D). Furthermore, the iron chelators
DFO and DFP significantly reversed CTS cytotoxicity (Fig. 5E
and F) whereas the iron donors FeSO4 and ferric ammonium
ith CTS (10 mmol/L) were stained with calcein-AM and then analyzed

le bar: 200 mm. Iron levels in whole A549 cell lysates were determined

re loaded with calcein-AM (1 mmol/L) for 1 h at 4 �C and then treated

33342. Images were captured with a confocal system (D). Scale bar:

e, and FeSO4 for 1 h and then treated with CTS for another 12 h (E, F)

exposed to CTS for 3 h with or without DIC pretreatment for 1 h. Iron

type and NQO1 knockdown cells were treated with CTS for 3 h. Iron

.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. In (E), (F), and (G),
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citrate enhanced it (Fig. 5G). Nevertheless, Fer-1 fails to reverse
CTS-induced necrosis and CTS has no effect on GPX4 expression
(Fig. S2D and S2H). In contrast, DIC significantly inhibits CTS-
Figure 6 NADþ depletion contributes to CTS-induced cell death. A54

A549 cells were treated with CTS and the total NADþþNADH and NAD

4 h (C) or 12 h (F) with or without olaparib (C) or NADþ (F) pretreatment

with PARP silencing were treated with CTS for 4 h. ATP levels were dete

olaparib or DIC pretreatment for 1 h. The levels of total NADþþNADH a

A549 cells were treated with CTS for 1 h, and the PAR expression was de

presented as mean � SD, n Z 3.
induced increase in iron (Fig. 5H), and a similar reversal effect
is observed with NQO1 silencing (Fig. 5I). Iron promotes lipid
peroxidation causing oxidative damage to organelles40. CTS
9 cells were treated with CTS and PAR expression was detected (A).

H levels were determined (B). A549 cells were treated with CTS for

for 1 h. ATP levels (C) or MTT assay (F) were performed. A549 cells

rmined (D). A549 cells were treated with CTS for 2 h with or without

nd NADH were determined (E, G). A549 cells or NQO1 knockdown

termined (H). **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are



Figure 7 Cytosolic and mitochondrial Ca2þ overload triggers CTS-induced necrosis. Cells were treated with CTS (10 mmol/L) followed by the

Fluo-3 AM staining and flow cytometry (A). A549 cells were transfected with GCaMP3 plasmid for 48 h and then treated with CTS for 2 h.

Images were captured with a confocal system; Scale bar: 10 mm (B). Cells were treated with CTS and the Ca2þ levels were stained with Rhod-2

AM and detected by flow cytometry (C) and a confocal imaging system; Scale bar: 25 mm (D). Cells were exposed to CTS with or without

pretreatment with BAPTA (E), EGTA (F), and 2APB (G) for 1 h and the ATP levels were measured. Cells were treated with CTS for 4 h with or

without DIC (10 mmol/L) and then stained with Fluo-3 AM (H) or Rhod-2 AM (I) followed by flow cytometry. **P < 0.01, ***P < 0.001,

****P < 0.0001. In (E), (F), and (G), data are presented as mean � SD, n Z 3.
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induces lipid peroxidation and damage to the endoplasmic retic-
ulum (ER) and mitochondria (Fig. S1D and Supporting Informa-
tion Fig. S6), which may also contribute to CTS-induced necrosis.

3.6. NADþ depletion contributes to CTS-induced necrosis

PARP activation and NADþ depletion mediate NQO1-induced cell
death in response to b-lap14,16. Although CTS shows no effect on
NQO1 activation, it increases PAR and decreases total NADþ and
NADH (Fig. 6A and B). Furthermore, both the PARP inhibitor
olaparib and PARP silencing can significantly reverse CTS-
induced PAR accumulation, NADþ depletion, and cell death
(Figs. 6CeE, 8D). NADþ supplementation effectively reverses
Figure 8 CTS induces an NQO1/JNK/iron/PARP/calcium-dependent ne

pretreatment for 1 h, and iron levels were stained with calcein-AM (A). A5

DIC (10 mmol/L), olaparib (50 mmol/L), or SP600125 (20 mmol/L) for 1 h, f

2, and PAR were determined (BeD). Cells treated with CTS with or with

Fluo-3 AM (E) or Rhod-2 AM (F).
CTS-induced cell death (Fig. 6F). Meanwhile, both NQO1 shRNA
and DIC significantly reverse CTS-induced PAR accumulation
and NADþ depletion (Fig. 6G and H). Thus, CTS-induced ne-
crosis involves NQO1-mediated PARP activation and NADþ

depletion.

3.7. Cytosolic and mitochondrial Ca2þ overload triggers CTS-
induced necrosis

Ca2þ is an upstream modulator of PARP-1 activation and DNA
repair in mediating b-lap-induced cell death41. CTS increases
cytoplasmic Ca2þ levels in a time-dependent manner (Fig. 7A). A
Ca2þ indicator plasmid shows a similar result (Fig. 7B). The
crosis. Cells were exposed to CTS for 3 h with or without SP600125

49 cells were pretreated with DFO (100 mmol/L), DFP (300 mmol/L),

ollowed by CTS for 0.5 h. The expression of JNK1/2, phosphor-JNK1/

out olaparib (50 mmol/L), and NADþ (10 mmol/L) were stained with
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mitochondrial Ca2þ level is also significantly increased after CTS
treatment (Fig. 7C and D). BAPTA, an intracellular Ca2þ

chelating agent, significantly reverses CTS-induced cell death
whereas EGTA, an extracellular Ca2þ chelator, fails to do so
(Fig. 7E and F). 2APB, a Ca2þ channel inhibitor, significantly
reverses CTS-triggered cytosolic and mitochondrial Ca2þ levels
and cell death (Fig. 7G, Supporting Information Fig. S7). In
addition, DIC significantly reverses CTS-triggered cytosolic and
mitochondrial Ca2þ levels (Fig. 7H and I). Thus, cytosolic and
mitochondrial Ca2þ are important mediators of CTS-induced cell
death.

3.8. CTS induces an NQO1/JNK1/2/Iron/PARP/Ca2þ-dependent
necrosis

SP600125 significantly reduces CTS-induced iron increase and
PAR activation (Fig. 8A and D). Although DFO and DFP show no
effect on CTS-induced JNK1/2 activation (Fig. 8B), they signifi-
cantly prevent PAR over-consumption (Fig. 8C). Olaparib or
NADþ pretreatment significantly reverses the cytosolic and
Figure 9 CTS inhibits tumor growth in the nude mouse xenograft model

treatment with or without DIC (2 mg/kg) co-treatment in H460-derived nud

after 15 days treatment in H460/shNQO1-derived nude mice (DeF), data

H460 (G) and H460/shNQO1 (H) derived nude mice were detected by ICP-

JNK1/2, phosphor-JNK1/2, and PAR in tumor tissues. *P < 0.05, ns, no
mitochondrial Ca2þ accumulation (Fig. 8E and F). In contrast to
DIC and SP600125, olaparib fails to inhibit JNK1/2 activation
(Fig. 8D). These observations reveal that NQO1 is upstream in
regulating JNK1/2 activation, iron release, NADþ depletion, and
Ca2þ accumulation in response to CTS.

3.9. CTS inhibits NQO1-dependent tumor growth

CTS significantly inhibits the tumor volume and weight in the
H460 xenograft nude mouse model. However, this effect is abol-
ished by DIC co-administration (Fig. 9AeC). CTS shows no
anticancer effect on the H460/shNQO1 xenograft nude mice
model (Fig. 9DeF). Furthermore, CTS significantly increases the
iron content in tumor tissues, which is reversed by DIC co-
administration and NQO1 silencing (Fig. 9G and H). The acti-
vation of PAR and JNK1/2 is observed in CTS-treated tumor
tissues, which is also inhibited by DIC co-treatment (Fig. 9I). In
addition, CTS shows no anticancer effect in xenograft zebrafish
model derived from NQO1e cell line H596 (Supporting Infor-
mation Fig. S8A and S8B). In contrast, both DIC and DFP nearly
. Effect of CTS (25 mg/kg) on tumor volume and weight after 15 days

e mice (AeC). Effect of CTS (25 mg/kg) on tumor volume and weight

are presented as mean � SD, n Z 7. Iron levels in tumor tissues from

MS, data are presented as mean � SD, nZ 4. (I) Protein expression of

significance.
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completely reverse the anticancer effect of CTS in the xenograft
zebrafish model derived from NQO1þ cell line A549 (Fig. S8C
and S8D).

4. Discussion

The anticancer effect of NBDs has been widely investi-
gated12,14,42,43. Here, we report a non-enzymatic dependent ne-
crosis mediated by NQO1. Key findings of this study include: (1)
CTS selectively induces an NQO1-dependent non-apoptotic ne-
crosis in NQO1þ cancer cells. (2) CTS-induced necrosis is
dependent on the non-enzymatic function of NQO1 and is facil-
itated by the JNK1/2eironePARPeCa2þ pathway. (3) CTS in-
hibits tumor growth in vivo in an NQO1-dependent manner.

Consistent with previous reports27,44, CTS induces cell death
in lung cancer cells, a finding verified by the 3D tumor sphere
model. CTS kills cancer cells by apoptosis induction mediated by
ROS, STAT3, and caspase 3, among others45-47. However,
Annexin V/7AAD double staining does not provide evidence of
apoptosis after CTS treatment. CTS does not affect the cleavage
and activity of caspase 3/7 and the pan-caspase inhibitor is inef-
fective at reversing CTS-induced cell death. Furthermore, classic
apoptotic features are not observed in TEM. In contrast, necrotic
cell death features such as LDH release, PI penetration, and ATP
depletion48,49 are all observed after CTS treatment. Thus, CTS
induces non-apoptotic necrosis in NSCLC.

Programmed necrosis such as necroptosis, paraptosis, pyrop-
tosis, and ferroptosis is precisely controlled by key regulators such
as receptor-interacting serine/threonine kinase 3, mixed lineage
kinase domain-like, caspase 1, GSDMD, GPX4 and can be
significantly reversed by specific inhibitors such as GSK’872,
NSA, VX765, CHX, Fer-1, etc.50,51. However, CTS does not
affect these key regulators and the specific inhibitors fail to
reverse CTS-induced necrosis. Thus, CTS-induced necrosis does
not fit into any of the programmed necrosis categories. Our pre-
vious report shows that DIC inhibits CTS-induced cell death in
A549 cells27. Here, we dissected the critical role of NQO1 in
mediating CTS-induced necrosis. CTS selectively kills NQO1þ

cancer cells, which can be significantly reversed by DIC and
NQO1 silencing. Transfection of NQO1 to NQO1e cells
dramatically increases their sensitivity to CTS. Thus, NQO1 ap-
pears to be the direct target of CTS that causes its cytotoxic effect
in NQO1þ cancer cells.

NBDs, such as b-lap, target NQO1 by increasing NQO1
enzymatic activities52. In contrast to b-lap, CTS shows no effect
on NQO1 activity. Moreover, the docking structures show that
CTS is positioned in a narrow cavity between Tyr129 and Phe 233,
two highly flexible residues53,54 and key players in the enzymatic
function of NQO1. CTS is located in the side active pocket which
is quite similar to that observed for DIC. However, it does not
have a parallel interaction with FAD. b-Lap/MAM parallel with
the isoalloxazine ring of FAD to form a stable pep interaction
which is a stable and favorable pose for the electron transport
between NQO1 and substrates8. Three mutations in the binding
sites of NQO1 can partially reverse CTS-induced necrosis sug-
gesting that these mutations cannot maintain the favorable struc-
ture for CTS binding. However, further investigation is needed to
determine the detailed mechanism.

The effect of CTS on NQO1 is distinctive compared to other
tanshinones, which show substantial variation in NQO1 activity.
Our previous study shows that TSB binds and activates NQO1,
leading to NQO1-dependent necrosis15. Unlike CTS, TSB has a
parallel structure to FAD and forms hydrogen bonds with NQO1
in molecular docking. Therefore, slight variations in the chemical
structure could influence the binding pattern and activity of tan-
shinones on NQO1, making it a fascinating subject to study.

ROS generation, JNK1/2 activation, PARP hyperactivation,
Ca2þ elevation, PAR accumulation, ATP, and NADþ depletion
following NQO1 activation are well documented in response to b-
lap14,17,52,55. The inhibitory effects of SP600125, DFO, DFP,
olaparib, BAPTA-AM, NADþ, siRNA for JNK1/2 and PARP, etc.,
confirm the involvement of JNK1/2, iron, PARP, and Ca2þ in
CTS-induced necrosis. Consistent with our previous report27, CTS
induces ROS generation (data not shown). Surprisingly, the ROS
does not originate from NQO1, as neither DIC nor NQO1
silencing reversed ROS generation (data not shown). This is a
contrasting observation because b-lap-induced ROS is NQO1-
dependent14,55. Further research is needed to investigate the
sources of ROS in response to CTS. NQO1 activation by MAM
results in iron elevation, which contributes to NQO1-dependent
necrosis42. CTS induces iron elevation and necrosis, which are
significantly reversed by NQO1 silencing or DIC. Thus, iron is
essential for CTS-induced necrosis. Together with increased lipid
peroxidation, CTS-induced cell death may be closely related to
ferroptosis56. The combination of b-lap and olaparib shows a
synergistic anticancer effect in NQO1þ tumors57. However, ola-
parib undermines the anticancer effect of CTS, providing further
evidence of the difference between CTS and b-lap on NQO1.

The critical role of NQO1 in CTS-induced anticancer effect
was further confirmed in vivo using both zebrafish and nude
mouse models. CTS significantly inhibited tumor growth in
xenograft models derived from NQO1þ cells, which was reversed
by co-treatment with DIC, NQO1 silencing, or DFP. Furthermore,
consistent with the cellular results, iron accumulation and acti-
vation of JNK1/2 and PAR were also observed in tumor tissues
and these effects were inhibited by co-treatment with DIC or
NQO1 silencing.

5. Conclusions

In conclusion, CTS induces NQO1-dependent non-apoptotic ne-
crosis, which is mediated by the activation of JNK1/2 and PARP,
the accumulation of iron and Ca2þ. In contrast to NBDs, CTS does
not activate NQO1 enzymatic activities. This study uncovers a
potential molecular target for CTS and presents a novel NQO1-
based strategy for anticancer drug development that exploits the
non-enzymatic function of NQO1.
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