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Upregulation of wild-type p53 by small molecule-induced
elevation of NQO1 in non-small cell lung cancer cells
Hong Yu1,2, Hong-ying Gao3, Hua Guo2, Gui-zhen Wang2, Yi-qing Yang3, Qian Hu1, Li-jun Liang2, Qun Zhao2,4, Da-wei Xie2, Yu Rao3 and
Guang-biao Zhou1,2

The tumor suppressor p53 is usually inactivated by somatic mutations in malignant neoplasms, and its reactivation represents an
attractive therapeutic strategy for cancers. Here, we reported that a new quinolone compound RYL-687 significantly inhibited non-
small cell lung cancer (NSCLC) cells which express wild type (wt) p53, in contract to its much weaker cytotoxicity on cells with
mutant p53. RYL-687 upregulated p53 in cells with wt but not mutant p53, and ectopic expression of wt p53 significantly enhanced
the anti-NSCLC activity of this compound. RYL-687 induced production of reactive oxygen species (ROS) and upregulation of Nrf2,
leading to an elevation of the NAD(P)H:quinoneoxidoreductase-1 (NQO1) that can protect p53 by inhibiting its degradation by 20S
proteasome. RYL-687 bound NQO1, facilitating the physical interaction between NQO1 and p53. NQO1 was required for RYL-687-
induced p53 accumulation, because silencing of NQO1 by specific siRNA or an NQO1 inhibitor uridine, drastically suppressed RYL-
687-induced p53 upregulation. Moreover, a RYL-687-related prodrug significantly inhibited tumor growth in NOD-SCID mice
inoculated with NSCLC cells and in a wt p53-NSCLC patient-derived xenograft mouse model. These data indicate that targeting
NQO1 is a rational strategy to reactivate p53, and RYL-687 as a p53 stabilizer bears therapeutic potentials in NSCLCs with wt p53.
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INTRODUCTION
Lung cancer, the most common cause of cancer-related mortality
worldwide [1], can be divided into small cell lung cancer (SCLC)
and non-small cell lung cancer (NSCLC); the latter type consists of
lung adenocarcinoma (LUAD), lung squamous cell carcinoma
(LUSC), and large cell carcinoma [2]. In the past 20 years, the use of
targeted therapies and immunotherapy has achieved survival
benefits in a certain proportion of patients [3, 4]. However, the 5-
year overall survival of NSCLCs each stage combined was only
18.6% in 2019 [5, 6]; therefore, there is an urgent need to find
novel therapeutic targets to develop new treatment approaches
to improve patient outcome.
The quinolone drug family is a very important family of

antibiotics and is used as a broad-spectrum antibiotic with a low
rate of severe adverse effects. The quinolone family is one of the
most important drugs in the pharmaceutical chemistry. Quinolone
drugs also have anticancer [7–9] and anti-inflammatory biological
activities [10]. Quinolones such as doxorubicin, enoxacin, etopo-
side and irinotecan, have been widely used as anti-tumor drugs
[11]. There are an increasing number of reports that quinolones
can induce apoptosis and growth inhibition in various tumor cells
[12–14]. Some quinolone drugs can reverse drug resistance of
cancer cells [15], and some others are being tested in different
stages of clinical trials [16, 17].

Previously, our chemical team exploited a library by phenotypic
screening to discover new antiviral inhibitors [18]. We identified a
novel small compound RYL-634, which is a quinolone compound,
shows excellent broad-spectrum inhibitory activity against various
viruses including hepatitis C virus, dengue virus, Zika virus, human
immunodeficiency virus, and others [18]. Based on the structure of
RYL-634, a series of analogues including compound RYL-687
(Supplementary Table 1) were optimally designed and synthe-
sized. In this study, we tested the effects of these analogues on
NSCLC cells and investigated the effect of RYL-687 on the
expression of p53. We reported that RYL-687 could stabilize wild
type (wt) p53 by targeting the NAD(P)H:quinone-oxidoreductase-1
(NQO1) that is a two-electron reductase responsible for detox-
ification of quinones and represents an emerging target for
anticancer drug development [19].

MATERIALS AND METHODS
Antibodies and reagents
Antibodies used included rabbit anti-human NQO1 (#62262S,
Cell Signaling Technology; 1:1000 for Western blot; 1:200 for
immunofluorescence), mouse anti-human p53 (#2524, Cell Signal-
ing Technology; 1:1000 for Western blot; 1:2000 for immuno-
fluorescence; 1:500 for immunoprecipitation), rabbit anti-human
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MDM2 (#86934S, Cell Signaling Technology; 1:1000 for Western
blot), rabbit anti-human p21 (#2947T, rabbit anti-human, Cell
Signaling Technology; 1:1000 for Western blot), mouse anti-
human β-Actin (#A5441, Sigma-Aldrich; 1:5000 for Western blot),
rabbit anti-human Bax (#2947T, Cell Signaling Technology; 1:1000
for Western blot), rabbit anti-human PARP (# 9542S, Cell Signaling
Technology; 1:1000 for Western blot), rabbit anti-human BCL2
(#2827S, Cell Signaling Technology; 1:1000 for Western blot),
rabbit anti-human Cleaved-Casp 3 (#9664S, Cell Signaling
Technology; 1:1000 for Western blot), rabbit anti-human
Cleaved-Casp 9 (#9505, Cell Signaling Technology; 1:1000 for
Western blot), mouse anti-human α-Tubulin (#sc5286, Santa Cruz
Biotechnology; 1:500 for Western blot), rabbit anti-human CDK1
(#ab201008, Abcam; 1:1000 for Western blot), rabbit anti-human
CDK2 (#18048, Cell Signaling Technology; 1:1000 for Western blot),
rabbit anti-human CDK4 (#12790, Cell Signaling Technology;
1:1000 for Western blot), rabbit anti-human Cyclin A2 (#A19036,
ABclonal; 1:1000 for Western blot), mouse anti-human Cyclin B1
(#4135, Cell Signaling Technology; 1:1000 for Western blot), mouse
anti-human Cyclin D1 (#2926, Cell Signaling Technology; 1:1000
for Western blot), rabbit anti-human Cyclin E1 (#20808, Cell
Signaling Technology; 1:1000 for Western blot), rabbit anti-human
Nrf2 (#12721, Cell Signaling Technology; 1:1000 for Western blot),
rabbit anti-human γ-H2AX (# 2577S, Cell Signaling Technology;
1:1000 for Western blot), goat anti-human Lamin B (#sc6216, Santa
Cruz Biotechnology; 1:1000 for Western blot), rabbit anti-human
cytochrome c (#A13430, ABclonal; 1:1000 for Western blot).
Quinolone compound RYL-634 and 5 analogues (Supplementary
Table 1) were synthesized by our chemical team; taxol (#S1150)
and AZD9291 (#S7297) were obtained from Selleckchem China
(Shanghai, China).

Cell culture
The human NSCLC cell lines A549, H1299, H1975, H460, HOP-62,
HCC827 and H520 were was obtained from the American Type
Culture Collection [ATCC] (Manassas, VA, USA). The cells were
cultured in medium DMEM (A549) or RPMI-1640 (H460, H1975,
H1299, HOP-62, HCC827 and H520) supplemented with 10% foetal
bovine serum (FBS; Gibco/BRL, Grand Island, NY, USA).

Cell proliferation, cell apoptosis, and colony formation activity
assays
The cells were seeded onto 96-well plates and pre-cultured for 24 h,
treated with indicated compounds for 24–72 h, and co-incubated
with CellTiter 96®AQueous One Solution cell proliferation assay
reagents (Promega, Madison, WI, USA) that contain 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS), and cell proliferation was analyzed according
to manufacturer’s instruction. The absorbance at 490 nm was
measured using a microplate reader (Bio-Tek, Winooski, VT, USA)
and the concentration causing 50% cell growth inhibition (GI50) was
calculated. Cell cycle and cell apoptosis were respectively evaluated
by propidium iodide (PI)-staining of cold ethanol fixed cells and the
Annexin V-FITC Apoptosis Detection Kit (BD Biosciences, San Jose,
CA, USA), followed by analyses using a FACSCalibur flow cytometer
(Becton Dickinson, San Jose, CA). For colony formation assay, the
cells were seeded onto 6-well plates and treated with RYL-687 at
indicated concentrations. After 10 days of culturing, the medium
was removed and 1mL of methanol was added to each well to fix
the cells for 30min at room temperature. The cells were stained with
0.005% crystal violet (Sigma, St. Louis, MO, USA) for 30min, washed
with PBS until the background color was removed, and colonies
containing 50 cells or more were counted.

Small interfering RNAs (siRNAs), plasmids, single-guide RNAs
(sgRNAs), and transfection
The sequences of siRNAs and sgRNAs were listed in Supplemen-
tary Table 1. The lentiCRISPR-Cas9 plasmids were obtained from

Addgene (Watertown, MA, USA), and sgRNAs were purchased
from Tsingke Biotechnology (Beijing, China). The cells were
transfected with siRNAs or pcDNA3.0 plasmids (Invitrogen)
containing wt TP53 using Lipofectamine 3000 (Invitrogen,
California, CA, USA) according to the manufacturer’s instructions.
The lentiCRISPR plasmids and sgRNAs were transfected into H1975
cells as described [20], puromycin resistance cells were selected,
and the gene knockout events were verified by sequencing
analysis of the genomic PCR fragments of the target loci. The cells
were then transfected with pcDNA3.0-wt TP53 plasmids, treated
with RYL-687 for 48 h, and co-incubated with CellTiter 96®AQu-
eous One Solution to analyze cell viability.

Identification of RYL-687 direct targets
A biotin-labeled RYL-687 (Bio-687, Supplementary Fig. 1a) was
synthesized to identify the direct targets of the compound.
Cells upon Bio-687 were lysed with lysis buffer, cell lysates
were incubated with streptavidin agarose overnight at 4 °C. After
washing with lysis buffer, streptavidin agarose beads were
resuspended in SDS loading buffer [21]. The proteins were
electrophoresed, and bands of interest were analyzed by mass
spectrum.

Measurement of intracellular reactive oxygen species
The levels of reactive oxygen species (ROS) in H460 cells were
determined by using the 2,7-dichlorofluorescin diacetate
(DCFHDA) assay. The cells were treated with RYL-687 at indicated
concentration for 24 h, washed with PBS, and co-incubated with
10 μM for 30 min at 37 °C. The cells were then washed with PBS
and analysed by a flow cytometer.

Immunofluorescence analysis
H460 and A549 cells were plated onto glass slides with 1%
gelatine in 6-well plates, treated with RYL-687 at indicated
protocols, washed twice with PBS, and fixed with 4% paraformal-
dehyde for 30 min at room temperature. The cells were washed
with 150 mM glycine in PBS and permeabilized with 0.1% Triton X-
100 in PBS for 20 min. After washing three times with 0.05%
Tween in PBS, cell smears were blocked with 5% BSA for 1 h at
room temperature. Then, the cell smears were incubated with the
indicated primary antibodies at 4 °C overnight, washed, and
incubated with FITC-conjugated secondary antibody for 2 h at
room temperature. The nuclei were stained with DAPI. Images
were taken by a laser confocal scanning microscope (N-STORM,
Nikon, Tokyo, Japan).

Western blot analysis
The cells were harvested, washed with PBS, and lysed on ice for
30min in RIPA buffer supplemented with the protease inhibitors
cocktail (Sigma, St Louis, MO), and protein extracts were
quantitated. Equal amounts of lysates were separated by
10%–15% sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis (SDS-PAGE) and transferred to nitrocellulose membranes
(Millipore Corporation, Darmstadt, Germany), which were blocked
with 5% nonfat milk in Tris-buffered saline for 1 h and washed.
After incubation with the indicated primary and secondary
antibodies, the signal on the membranes was detected using a
Luminescent Image Analyser LSA 4000 (GE, Fairfield, CO, USA).

Animal studies
All animal studies were conducted according to protocols
approved by the Animal Ethics Committee of the Tsinghua
University School of Medicine. The NOD-SCID mice were bred and
maintained in a specific pathogen-free environment. The mice
were inoculated with H460 (1 × 106) cells, and were treated with
vehicle control (5% DMSO, 10% Castor Oil, 85% PBS) or RYL-687
related quinolone prodrug (hereafter, Prodrug; Supplementary
Table 1) when the tumors reached a palpable size. The reason for
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the use of the Prodrug was the poor water solubility of RYL-687.
The Prodrug was intraperitoneally administered at 20 and 60
mg·kg−1·d−1, once per day for 3 weeks. Chemotherapeutic agent
methotrexate, which was used as a positive control, was
intraperitoneally administered at a dosage of 2 mg/kg, once
per day for 3 weeks. Caliper measurements of the longest
perpendicular tumor diameters were performed every other day
to estimate the tumor volume, using the following formula: 4π/
3 × (width/2)2 × (length/2), representing the 3-dimensional volume
of an ellipse. Animals were sacrificed when tumors reached 2 cm
or if the mice appeared moribund to prevent unnecessary
morbidity to the mice.

Statistical analysis
All experiments were repeated at least three times, and the data
are presented as the mean ± SD unless noted otherwise. Statistical
analyses were conducted using GraphPad Prism 5 (GraphPad
Software, La Jolla, CA). Statistically significant differences were
determined by Student’s t test or Mann–Whitney test. P values less
than 0.05 indicate statistical significance.

RESULTS
RYL-687 exhibits potent inhibitory effects on NSCLC cells
Our chemical team constructed a library of biaryl-substituted
quinolones through phenotypic screening and identified a new
antiviral compound, RYL-634, which demonstrated excellent
broad-spectrum inhibition activity against various viruses [18]. It
was well known that quinolones bear many biological activities,
while biaryl-substituted quinolones had rarely been explored for
their antitumor effects [22]. Here, we investigated the effects of
RYL-634 and its 4 derivatives (Supplementary Table 1) on 4 NSCLC
lines (H460, A549, H1975 and H1299) to identify the best
candidate for the following experiments. Taxol and AZD9291
were used as positive controls. The results showed that these
compounds could significantly inhibit lung cancer cell growth
(Fig. 1a), while RYL-687 (Fig. 1b) demonstrated the strongest
inhibitory effect among these RYL-634-derived molecules, with
GI50 (72 h) values of 22.29, 23.19, 83.17, and >10000 nM in the
H460, A549, H1975, and H1299 cell lines, respectively (Fig. 1a).

RYL-687 significantly inhibits lung cancer cells with wt p53
H460 and A549 cells bear wt p53, whereas H1975 and H1299 lines
harbor R273H and deletion mutations of p53, respectively. The
GI50 values for H460 and A549 cells were much lower than that for
H1975 and H1229 cells (Supplementary Table 1), suggesting a
potential role for p53 to play in anti-tumor effects of RYL-687. To
confirm this possibility, three cell lines with p53 mutations, i.e.,
H520 with W146*, HCC827 with V218del, and HOP-62 with splice
site mutation, were also treated with RYL-687. We found that
among the 7 NSCLC lines upon 10–5000 nM RYL-687 treatment for
48 h, A549 and H460 cells were more sensitive to this compound
than the other 5 cell lines (Fig. 1c). RYL-687 inhibited the growth of
H460 and A549 cells in a time- and dose-dependent manner
(Fig. 1d). Based on the above data, RYL-687 was chosen as the
representative molecule for the following experiments to inves-
tigate its anticancer activity and its effects on p53 expression.

RYL-687 potently induces the expression of p53 in NSCLC cells
with wt p53
We investigated the effects of RYL-687 on p53. Without drug
treatment, the expression of p53 was undetectable in H460, A549
and H1299 cells, and was relatively high in H1975 cells (Fig. 2a).
Interestingly, RYL-687 drastically induced, in a dose-dependent
manner, upregulation of p53 in A549 and H460 but not H1975 and
H1299 cells (Fig. 2a). As a transcription factor, p53 exerted its
functions by modulating the transcription of target genes in the
nuclei [23]. We determined the nuclear/cytoplasmic distribution of

p53 by Western blot, and reported that RYL-687 promoted p53
nuclear accumulation in H460 cells (Fig. 2b). Consistently,
immunofluorescence analysis suggested that p53 mainly accu-
mulated in the nucleus of the cells upon RYL-687 treatment, in
both time- and dose-dependent manners (Fig. 2c). Nutlin3A [24]
and cisplatin (DDP) [25] are two typical activators of p53. The
effect of RYL-687 on p53 was compared with that of Nutlin3A and
DDP in H460 and A549 cells, and the results showed that
treatment with RYL-687 at 10 nM for 12–24 h drastically upregu-
lated p53, at an extent equal to or even stronger than that
induced by Nutlin3A or DDP at 10 μM for 12–24 h (Fig. 2d, e).
These observations indicated that the positive effect of RYL-687
on p53 may be stronger than that of Nutlin3A and DDP.
We tested the effects of RYL-687 on p53 stability using the

protein synthesis inhibitor cycloheximide (CHX). In the absence
and presence of CHX (50 µg/mL), p53 was undetectable in H460
cells (Fig. 2f). Therefore, H460 cells were pre-treated with RYL-687
at 10 nM for 6 h to increase p53 to a detectable level, and then
further treated with CHX in the absence or presence of RYL-687.
We reported that without RYL-687 treatment, the upregulated p53
was downregulated by CHX treatment; however, in the presence
of RYL-687, CHX-induced p53 downregulation was markedly
inhibited (Fig. 2f). These results demonstrated that RYL-687 causes
the accumulation of p53 by enhancing its protein stability.

p53 is critical to the anti-lung cancer activity of RYL-687
To evaluate the role of wt p53 in RYL-687-induced inhibitory
effects on NSCLC cells, TP53 was transfected into H1299 cells
which were then treated with the compound. We showed that
while H1299 cells were relatively resistant to the compound,
ectopic expression of wt TP53 significantly enhanced inhibition of
H1299 cell viability caused by RYL-687 at 0.1–20 nM (Fig. 2g). In
H1975 cells, knockdown of mutant TP53 by CRISPR-Cas9 system
potentiated RYL-687-induced suppression of cell viability, and
overexpression of wt TP53 further enhanced this effect (Fig. 2h).
These results demonstrated that the wt p53 is critical to the anti-
lung cancer activity of RYL-687.

Effects of RYL-687 on p53 target genes and cell fate
p53 regulates the expression of hundreds of genes that are
involved in various biological processes, including in DNA damage
repair, cell cycle arrest, apoptosis and senescence [26]. p21 is an
important downstream targets of p53 [27]. We showed that in
H460 and A549 cells, RYL-687 upregulated p21 in a dose-
dependent manner (Fig. 3a). Upon RYL-687 treatment, p53 targets
Bax and MDM2 [28] were upregulated at protein and mRNA levels
(Fig. 3a, b). RYL-687 slightly upregulated TP53 at mRNA level
(Fig. 3b). RYL-687 downregulated CDK2, CDK4, Cyclin A2 (Fig. 3c),
and arrested cell cycle at S phase (Fig. 3d). On the other hand, RYL-
687 downregulated Bcl-2 and upregulated Bax (Fig. 3e, upper
panel). RYL-687 increased cytosolic Cytochrome c (Cyt c) with
decreased mitochondrial Cyt c (Fig. 3e, lower panel), and activated
Casp-9 and Casp-3 with cleavage of poly (ADP-ribose) polymerase
(PARP) (Fig. 3e, upper panel), leading to programmed cell death
(Fig. 3f). RYL-687 also significantly inhibited colony forming
activity of the cells (Fig. 3g). These data demonstrated that RYL-
687 had selective cytotoxicity to lung cancer cells and can induce
S-phase arrest and cell apoptosis in NSCLC cells with wt p53.

Identification of NQO1 as a RYL-687-binding protein
To reveal the molecular mechanism of the RYL-687-induced
upregulation of p53 in NSCLC cells, Bio-687 (Supplementary
Fig. 1a–c) was synthesized and used to perform a pull-down
assay. In contrast to the biotin-treated samples, a specific
protein band was observed in the protein samples of Bio-687-
treated cells that were separated by polyacrylamide gels and
detected by silver-staining (Fig. 4a). Mass spectrometry analysis
of the protein bands showed that the NQO1 was one of the
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Bio-687-binding proteins and was identified each time in the
triplicate experiments (Table 1). NQO1, a cytosolic oxidoreduc-
tase that protected cells against oxidative stress and can
stabilize p53 by inhibiting its 20S proteasomal degradation
[29], was chosen to investigate the mechanism of action of RYL-
687-induced p53 expression in NSCLC cells.

RYL-687 promotes NQO1-p53 interaction and reactive oxygen
species production
The interaction between Bio-687 and NQO1 was verified by co-
immunoprecipitation and Western blot analysis using streptavidin-
agarose and an anti-NQO1 antibody (Fig. 4b). p53 but not β-Actin
was also pulled down by streptavidin agarose (Fig. 4b, left panel). To
determine the Bio-687-p53 interaction represents a direct or indirect
(through NQO1) binding, H460 cells were transfected with siNQO1

and treated with Bio-687. We showed that p53 was pulled down
by Bio-687, while silencing of NQO1 abrogated p53-Bio-687
interaction (Fig. 4b, right panel), indicating that Bio-687 indirectly
binds p53 through NQO1. In cells treated with RYL-687, NQO1 could
be pulled down by anti-p53 monoclonal antibody (Fig. 4c),
suggesting the interaction between p53 and NQO1. Immunofluor-
escence analysis showed that RYL-687 increased the expression
levels of both the NQO1 and p53 in H460 and A549 cells in a dose-
dependent manner (Fig. 4d). Moreover, co-localization of NQO1 and
p53 in the nucleus was observed within the cells upon RYL-687
treatment (Fig. 4d). RYL-687-induced upregulation of NQO1 was
seen at both the mRNA (Fig. 4e) and protein (Fig. 4f) levels in H460
and A549 cells.
It has been demonstrated that activation of NQO1 can cause DNA

damage and cell death, which is associated with accumulation of

Fig. 1 RYL-687 significantly inhibits lung cancer cells with wt p53. a NSCLC cells were treated with different concentrations of indicated
compounds for 72 h. Cell viability was evaluated by MTS assay. See Supplementary Table 1 for the structure of the compounds. b Chemical
structures of RYL-687. c Seven lung cancer cell lines were treated with different concentrations of RYL-687 for 48 h, and cell viability was
evaluated by MTS assay and is shown as relative viability compared with the control. d H460 and A549 cells were treated with the indicated
concentrations of RYL-687 for the indicated time points, and cell viability was determined by MTS assay.
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reactive oxygen species (ROS) in the cells. The increase of NQO1 can
further promote the production of ROS [30]. Therefore, the
intracellular ROS level was detected using a 2,7-dichloro-fluorescin
diacetate (DCFH-DA) assay. We showed that RYL-687 increased
intracellular ROS levels in H460 and A549 cells (Fig. 4g). Moreover,

the protein level of Nrf2 was upregulated by RYL-687 treatment
(Fig. 4f). Studies showed that elevated γ-H2AX expression was
associated with ROS-mediated DNA damage [31]. We reported that
the expression of γ-H2AX in H460 and A549 cells was also
upregulated by RYL-687 in a dose-dependent manner (Fig. 4h).

Fig. 2 RYL-687 induces the expression of p53 in NSCLC cells. a A549, H460, H1975 and H1299 cells were treated with the indicated
concentrations of RYL-687 for 6 h, harvested, and subjected to Western blot analysis using the indicated antibodies. b After H460 cells
were treated with RYL-687 for 6 h, nuclear and cytoplasmic protein fractions were prepared and evaluated by Western blotting.
c Immunofluorescence assays of H460 cells using antibodies against p53 (green) and 4’,6-diamidino-2-phenylindole (DAPI) to counterstain the
nucleus (blue) after treatment with RYL-687 at the indicated concentrations for the indicated time points. H460 (d) and A549 (e) cells were
treated with RYL-687 (10 nM), Nutlin3A (10 μM), and cisplatin (DDP) (10 μM) at the indicated time points and lysed for Western blot analysis.
f H460 cells were pre-treated with RYL-687 at 10 nM for 6 h to increase p53 to a detectable level, and then further treated with CHX (50 μg/mL)
in the absence or presence of RYL-687 (10 nM), and the expression of p53 expression was evaluated by Western blotting. Numbers under the
Western blot bands are the relative expression values to Actin determined by densitometry analysis. g H1299 cells were transfected with wt
p53, treated with RYL-687, and analysed for cell viability. h H1975 cells were transfected with CRISPR-Cas9 system to silence the mutant p53,
puromycin resistance cells were selected and transfected with wt p53, followed by treatment with RYL-687 and analysis of cell viability. **P <
0.01; ***P < 0.001; ****P < 0.0001.
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NQO1 is required for RYL-687-induced upregulation of p53
Uridine is a compound that can inhibit the synthesis of pyrimidine
as well as the expression of NQO1 [32]. To elucidate the role of
NQO1 on RYL-687-induced suppression of NSCLC cells and p53
upregulation, uridine was used as an inhibitor of NQO1. As shown
in Fig. 5a, the inhibitory effect of RYL-687 on H460 cell
proliferation was significantly suppressed by uridine (50 μM).
Moreover, uridine also rescued the S-phase arrest induced by RYL-
687 in both H460 and A549 cells (Fig. 5b). Knockdown of NQO1 by
siRNA led to a significant inhibition of p53 upregulation induced
by RYL-687 (Fig. 5c). Furthermore, co-treatment of H460 and A549
cells with uridine for 24 h drastically repressed the upregulation of
NQO1, p53, MDM2 and p21 proteins by RYL-687 (Fig. 5d). These
results indicated that NQO1 was required for RYL-687-induced
upregulation of p53.

The Prodrug exhibits potent anti-lung cancer activity in vivo
The water solubility of RYL-687 was poor and to investigate the anti-
lung cancer activity of RYL-687, the RYL-687-related prodrug
(Supplementary Table 1) was synthesized. In NOD-SCID mice
inoculated with 1 × 106 H460 cells, treatment with prodrug at 20
or 60mg/kg (once per day for 3 weeks) significantly inhibited tumor
growth and tumor weight (Fig. 6a–c). Methotrexate (MTX), one of
the most widely used anticancer agents [33], also significantly
inhibited tumor growth (Fig. 6a–c). Prodrug did not reduce the body
weight of the mice (Fig. 6d). We further tested the efficacy of the
prodrug on an NSCLC patient-derived xenograft (PDX) mouse
model, in which the patient sample harbored wt p53 as revealed by
whole exome sequencing. We found that treatment with Prodrug at
20–60mg·kg−1·d−1 for 20 days significantly inhibited tumor growth
(Fig. 6e–g) but did not reduce the body weight of the mice (Fig. 6h).

Fig. 3 Effects of RYL-687 on p53 target genes and cell fate. a The cells were treated with RYL-687 at the indicated concentrations for 12 h,
lysed, and subjected to immunoblotting using the indicated antibodies. b The mRNA levels of TP53, MDM2 and Bax were analyzed by
quantitative RT-PCR, in H460 and A549 cells that were treated with RYL-687 at 10 nM for 12 h. c, d H460 and A549 cells were treated with the
indicated concentrations of RYL-687 for 24 h. The cells were lysed for Western blot analysis using the indicated antibodies (c), or analysed by
flow cytometry to evaluate the cell cycle distribution (d). e, f The cells were treated with the indicated concentrations of RYL-687 for 24 h, and
lysed for Western blot analysis using total or cytosolic/mitochondrial proteins (e), or analysed by flow cytometry analysis using Annexin V-
FITC/PI staining for apoptotic cell death (f). g Colony formation assays were performed in H460 and A549 cells with the indicated
concentrations of RYL-687. Representative images are shown. *P < 0.05, **P < 0.01; ***P < 0.001 and ****P < 0.0001.
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DISCUSSION
The tumor suppressor p53 plays an important role in protecting
the genome and preventing cell transformation [34]. Generally,
cancer cells with wt p53 can reactivate downstream pathways that

mediate cell death [35]. Therefore, restoring the activity of wt p53
may be a very promising strategy for cancer treatment. RYL-687 is
a new quinolone compound derived from RYL-634 that has been
shown to have broad-spectrum antiviral activities [18]. Here we

Fig. 4 RYL-687 promotes NQO1-p53 interaction and reactive oxygen species production. a Silver staining of proteins precipitated with Biotin
and Bio-687 at 10 μM for 6 h in H460 cells. b H460 cells were transfected with or without siNQO1, treated with Biotin or Bio-687 at 10 μM for 6 h and
lysed, and the cell lysates were subjected to immunoprecipitation using streptavidin agarose and Western blotting using indicated antibodies.
c H460 cells were treated with RYL-687 at 10 nM for 6 h, lysed, and subjected to immunoprecipitation and immunoblotting using indicated
antibodies. d The expression of p53 and NQO1 in H460 and A549 cells treated with vehicle control (DMSO) or RYL-687 at 10–50 nM for 12 h. The
cells were harvested and detected by immunofluorescence assays with indicated antibodies. e H460 cells were treated with RYL-687 at 10 nM for
6–12 h and lysed, RNA was extracted, and NQO1 expression was evaluated by quantitative RT-PCR. P values, Student’s t test, *P < 0.05; **P < 0.01,
***P < 0.001. fWestern blot analysis of NQO1, Nrf2 and p53 expression in H460 and A549 cells treated with RYL-687 for 12 h. g H460 and A549 cells
were incubated with RYL-687 for 24 h. ROS detection was performed with DCFH-DA dye in different groups by flow cytometry. h H460 and A549
cells were treated with the indicated concentrations of RYL-687 for 12 h, lysed, and analysed by Western blot using indicated antibodies.
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show that RYL-687 exhibits potent inhibitory effects on NSCLC
cells with GI50 values of around 23 nM on NSCLC cells with wt p53.
RYL-687 induces production of ROS and upregulation of Nrf2 and
NQO1, leading to upregulation of p53 and its downstream targets
including p21 and Bax. As a consequence, cell cycle is arrested at S
phase and apoptosis is induced in NSCLC cells (Fig. 7). Therefore,
RYL-687 is a potent reactivator of wt p53.

NQO1 is a cytosolic flavoenzyme that catalyses the obligatory
two-electron reduction of quinone substrates, using both NADH
and NADPH as electron donors. Upon bioreductive activation of
certain quinones, the corresponding unstable hydroquinones
rapidly react with physiological oxygen in cells to provide 2
equivalents of superoxide, which is the main constituent of ROS,
and regenerate the quinones [36]. These redox substrates rapidly
catalyse and produce large amounts of toxic ROS in cells
overexpressing NQO1 to kill cancer cells [37]. NQO1 also has
non-enzymatic functions in stabilizing a number of cellular
regulators including p53 [32]. The expression of NQO1 is low in
normal tissues; but in cancer the expression and activity of NQO1
is complicated. NQO1 C609T (P187S) polymorphism, which results
in reduced NQO1 activity, is associated with a predisposition to
cancers (in particular, bladder and gastric cancers) [38], and this
link may be attributed to its less effectiveness in stabilizing p53
[39]. The expression of NQO1 is significantly upregulated in colon,
pancreatic and breast cancers [40, 41]. In NSCLC, NQO1 activity is
drastically higher in tumors than in normal lung samples [42].
The large differential expression/activity of NQO1 between
tumors and counterpart normal tissues suggests that NQO1 could
be a potential target for cancer therapy [43], and some
NQO1 substrates have been reported to be potential antitumor
drugs [37]. We reported that RYL-687 induced a positive feedback
loop to facilitate NQO1 function. On one hand, RYL-687 induced
production of ROS and DNA damage to activate Nrf2, which
upregulated NQO1 to stabilize p53. On the other hand, NQO1
enhances generation of ROS, which further increased Nrf2 to
potentiate the effect of RYL-687. In addition, RYL-687 binds to
NQO1, facilitating the formation of NQO1-p53 complex (Fig. 7).
These data demonstrate that RYL-687 represents a novel NQO1
modulator. Natural compound curcumin can also target NQO1 to
stabilize p53, at a concentration (20,000 nM) that is much higher
than RYL-687 [44]. Thus, targeting NQO1 could be a rational
strategy to restore wt p53 for cancer treatment.

Table 1. The RYL-687-binding proteins of around 33 kDa.

Genesymble Score Coverage MW (kDa)

RPS3 68.31 17 26.67

NQO2 65.8 7 25.94

DECR1 56.12 7 36.04

SLC25A6 53.69 4 32.85

RPL10A 52.53 3 24.82

HEL-S-276 51.61 9 27.87

ERLIN1 48.84 5 38.9

CDK1 44.44 152 34.07

PYCR3 43.43 8 28.64

VDAC2 42.55 8 30.33

DHRS4 42.09 17 29.52

NQO1 39.6 7 22.78

NQO1 39.11 7 22.78

NQO1 38.33 7 26.91

ERLIN2 37.87 3 37.7

SLC25A10 36.93 7 31.26

SLC25A11 32.77 2 32.16

Triplicate experiments were conducted and recurrent proteins were shown

Fig. 5 NQO1 is required for RYL-687-induced upregulation of p53. a H460 cells were exposed to RYL-687 and RYL-687 in combination with
uridine (50 μM) for 48 h. Cell viability was evaluated by MTS assay. b H460 and A549 cells were treated with RYL-687 and RYL-687 plus uridine
for 24 h. The cells were analysed by flow cytometry to evaluate the cell cycle distribution. c H460 cells were transfected with siNQO1, treated
with RYL-687 at 10 nM for 12 h, and lysed for Western blot analysis using indicated antibodies. d Western blot analysis of p53 levels in H460
and A549 cells treated with RYL-687 and/or uridine (50 μM) for 12 h.
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p53 is usually kept inactive by the ubiquitination and
subsequent degradation in the 26S proteasome mediated by a
number of ubiquitin E3 ligases such as MDM2, Pirh2, COP1, and
others [45–49]. This kind of degradation is ubiquitin-dependent
(UD) [29], whereas an ubiquitin-independent (UI) degradation
approach is also uncovered in the 20S proteasome [50–52]. The
UD and UI modes of degradation that are of equal importance
with distinct kinetics, enable a differential accumulation pattern
of p53 following different stressors [52, 53]. For the UI mode of
degradation, NQO1 binds the N terminus of p53 and protects
it from the 20S proteasomal degradation [54]. However, the

“hot-spot” mutations of p53, e.g., R175H, R248H, and R273H, are
resistant to NQO1 inhibitor dicoumarol-induced degradation,
and arginines at positions 175 and 248 are essential for
dicoumarol-induced p53 degradation [55]. A double negative
feedback loop between NQO1 and the 20S proteasome has
been reported, whereby NQO1 prevents the proteolytic activity
of the 20S proteasome and the 20S proteasome degrades the
apo form of NQO1 [52]. Thus, NQO1 has anti-tumor activity,
regardless of its enzymatic activity [56]. In our study, we found
that NSCLC cells with wt p53 were more sensitive to RYL-
687 than those with mutant p53. Inhibition of NQO1 by siNQO1

Fig. 6 The prodrug exhibits potent anti-lung cancer activity in vivo. a H460 (1 × 106) cells were inoculated subcutaneously into the right
flank of the NOD-SCID mice, which were treated with indicated concentrations of prodrug and MTX. Tumor volume was estimated every
2 days. Data are shown as mean ± SD. b Images of xenograft tumors isolated from the mice. c Weights of xenograft tumors isolated from the
mice. d Body weights of the mice. e Patient-derived xenograft mouse model was established using NOD-SCID mice and a wt-p53-bearing
NSCLC tumor sample and treated with prodrug and MTX, and tumor volume was estimated every 2 days. Data are shown as mean ± SD. n= 5
for each group. f Images of xenograft tumors obtained from the mice. g Weights of xenograft tumors isolated from the mice. h Body weights
of the mice. CDX cell-derived xenograft, PDX patient-derived xenograft. *P < 0.05; **P < 0.01.
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and NQO1 inhibitor uridine significantly suppressed RYL-687-
induced p53 upregulation and its inhibitory effects on the
NSCLC cells with wt p53, indicating that NQO1 was essential for
RYL-687’s anti-NSCLC activity. These results also provided
explanation for the findings that NSCLC cells with mutant p53
were insensitive to RYL-687, because the mutant p53 were
resistant to the 20S proteasomal degradation.
In summary, our results demonstrated that the novel quinolone

compound RYL-687 exerts potent anti-NSCLC activity in vitro and
in vivo, through induction of cell cycle arrest at S phase,
promotion of apoptosis, and inhibition of colony forming activity
of NSCLC cells with wt p53. This compound upregulated the
expression of p53 in cells with wt but not mutant p53, via
induction of NQO1 expression that is able to inhibit wt p53
degradation by 20S proteasome in a UI pathway. p53 is
maintained wt in about a half of the cancer patients, suggesting
that reactivation of wt p53 could be a promising therapeutic
strategy in fighting this deadly disease. Therefore, more studies
should be carried out to investigate this NQO1-p53 targeting
approach and optimize the property of RYL-687 for possible
clinical application.
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