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p53 inactivation is a hallmark in non-small-cell lung cancer
(NSCLC). It is therefore highly desirable to develop tumor-spe-
cific treatment for NSCLC therapy by restoring p53 function.
Herein, a novel naphthalimide compound, NA-17, was identi-
fied as a promising drug candidate in view of both its anticancer
activity and mechanism of action. NA-17 exhibited strong anti-
cancer activity on a broad range of cancer cell lines but showed
low toxicity to normal cell lines, such as HL-7702 and WI-38.
Moreover, NA-17 showed p53-dependent inhibition selectivity in
different NSCLC cell lines due to the activation state of endoge-
nous p53 in the background level. Further studies revealed that
NA-17 caused cell cycle arrest at the G, phase, changed cell size,
and induced apoptosis and cell death by increasing the proportion
of sub-G, cells. Molecular mechanism studies suggested that tar-
geted accumulation of phospho-p53 in mitochondria and nuclei
induced by NA-17 resulted in activation of Bak and direct binding
of phospho-p53 to the target DNA sequences, thereby evoking cell
apoptosis and cell cycle arrest and eventually leading to irreversible
cancer cell inhibition. This work provided new insights into the
molecular interactions and anticancer mechanisms of phospho-
p53-dependent naphthalimide compounds.

Non-small cell lung cancer (NSCLC)? continues to be the
leading cause of cancer-related death worldwide with an overall
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5-year survival rate no more than 15% (1, 2). The remarkable
progress in targeted therapies (3, 4) has shown that sustained
inactivation of key tumor suppressors and accumulation of
mutations in oncogene pathways are the crucial factors in
NSCLC malignant transformation (5). In the context of dys-
functional accumulation of tumor suppressors, constitutive
inactivation of p53 is a common feature of NSCLC. Therapeutic
strategies based on p53 restoration failed to achieve tumor
regression due to the fact that the activation of p53 is only
limited in relatively aggressive cancer cells within the tumors
(6). Therefore, recruiting p53 function by persistent p53 activa-
tion should be an effective and tumor-specific treatment for
NSCLC therapies.

Activation of p53 is mainly achieved via phosphorylation of
its N-terminal domain by protein kinases belonging to the
MAPK family (7), such as TP53-regulating kinase (8), check-
point kinase (9), etc. Activated p53 translocates into the
nucleus, binds to p53-responsive elements in the target DNA,
and switches on the transcriptional program as a specific
response to signal stimulation (10). Moreover, activated p53
can also accumulate in mitochondria to trigger apoptosis
through a transcription-independent apoptotic mechanism
(11-14). Transcriptional programs triggered by p53 activation
in the nucleus ultimately lead to three major functional
responses, i.e. cell cycle arrest, apoptosis, and senescence,
resulting in proliferation inhibition and survival crisis due to
altered gene expression (15-17). In contrast, targeted accumu-
lation of activated p53 in mitochondria usually contributes to
apoptosis by direct interaction with proapoptotic Bcl-2 family
members and antiapoptotic Bcl-2 family members (18, 19). Bcl-
x1, Bcl-2, and Mcl belong to the antiapoptotic Bcl-2 family, and
members in this protein family can antagonize proapoptotic
Bcl-2 family members, such as Bak and Bax, in normal cells for
survival. Binding of phosphorylated p53 to Bak and Bax can
induce a series of conformational rearrangements to expose the
Bcl-2 homology 3 domains of Bak and Bax and alleviate antag-
onism of antiapoptotic proteins (18). Furthermore, phosphor-
ylated p53 in the nuclei can also activate proapoptotic proteins,
including Bad and Bim, to directly activate death effectors (20).

nyltetrazolium bromide; AIF, apoptosis-inducing factor; p53RE, p53-re-
sponsive element; scRNA, scrambled RNA; DMSO, dimethyl sulfoxide;
FSC-H, forward scatter height; fmk, fluoromethyl ketone; CDK, cyclin-de-
pendent kinase.
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Novel Naphthalimide Restores p53 Function

Therefore, it will be beneficial to develop novel anticancer
agents which persistently activate p53 for NSCLC therapies.

With the aim to develop tumor-specific anticancer agents,
we screened eight naphthalimide derivatives synthesized in our
laboratory (Fig. 1A). Naphthalimides exhibit anticancer activi-
ties preclinically and clinically (21-23), and the mechanism of
action is possibly related to p53 activation (24). Notably, naph-
thalimides are fluorescent, allowing direct detection of their
distribution in naphthalimide-treated cells (25). Among these
compounds, a compound, NA-17, was identified as the most
promising candidate for anticancer therapies based on its anti-
cancer activity for NSCLC and mechanism of action. Our
results showed that NA-17 induced accumulation of activated
p53, which triggered complicated regulatory processes in cell
apoptosis and proliferation inhibition. Furthermore, we found
that NA-17 exhibited selective toxicity for cancer cells over
normal cells. Our work suggested that NA-17 is a promising
tumor-specific anticancer agent for NSCLC therapies and an
efficient adjuvant in p53 restoration-mediated anticancer
therapies.

Experimental Procedures
Reagents and Antibodies

All chemical reagents were commercially available and used
without further purification unless noted specifically. RNase A,
propidium iodide, and 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) were purchased from Sigma-
Aldrich. Small interfering RNA (siRNA), scrambled RNA
(scRNA), transfection reagents, and primers were obtained
from Life Technologies. p53 siRNA* was purchased from Qia-
gen (catalogue number 1024849; Hilden, Germany). The Prime
Script RT reagent kit and SYBR Premix Ex Taq were purchased
from TaKaRa (Dalian, China). Anti-phospho-p53 (Ser-392),
anti-p53, anti-p21, anti-Bim, anti-Bcl-2, anti-Bcl-xl, anti-apo-
ptosis-inducing factor (AIF), anti-lamin B, anti-cytochrome c
oxidase IV, anti-actin, and anti-Bax antibodies were purchased
from Abcam (Cambridge, MA). Anti-Bak was purchased from
Calbiochem. Anti-rabbit and anti-mouse secondary antibodies
were purchased from Santa Cruz Biotechnology, Inc. (Dallas,
TX). All chemicals for NA-17 synthesis were purchased from
Alfa. Synthesized NA-17 was stored at —20 °C at a concentra-
tion of 10 mm in dimethyl sulfoxide (DMSO).

Synthesis of NA-17

Compounds 2 and NA-17 were synthesized as shown in Fig.
1B. The synthetic steps and spectral data of these compounds
are described below. The purity of the synthesized compounds
was determined by HPLC. NMR spectra were recorded using a
Bruker Advance (500 MHz) with tetramethylsilane as an inter-
nal standard. High resolution mass spectra were recorded in a
Thermo Exactive Orbitrap mass spectrometer.

4-Bromo-N-(3,4-methylenedioxyphenethylamin)-1,8-naph-
thalimide (2)—To a stirred ethanol solution of 1 (2.77 g; 10
mmol), 3,4-methylenedioxyphenethylamine (1.65 g; 10 mmol)
was added. The reaction mixture was stirred at 70 °C for 10 h.
Afterward, the solution was cooled to room temperature and
filtered. The filter cake was recrystallized from CH,Cl, to give 2
(2.97 g; yield, 70%). "H NMR (500 MHz, DMSO-d.,) 8: 8.53 (ddd,
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J=9.5,7.9,1.0Hz,2H),8.31(d,/=79Hz, 1H),820(d,J= 7.9
Hz, 1H),7.99-7.96 (m, 1H), 6.85 (d,/ = 1.6 Hz, 1H), 6.80 (s, 1H),
6.69 (dd, ] = 7.9, 1.7 Hz, 1H), 5.97 (s, 2H), 4.20-4.15 (m, 2H),
2.84 (t, ] = 7.5 Hz, 2H). **C NMR (126 MHz, DMSO-d,) &:
162.86, 162.82, 147.36, 145.78, 132.78, 132.54, 131.72, 131.50,
131.11, 129.90, 129.30, 128.94, 128.36, 122.79, 122.01, 121.61,
109.09, 108.33, 100.82, 41.39, 33.19.

6-(1,3-Propanediamine-N,N-dimethyl-N'-)-N"-(3,4-methyl-
enedioxyphenethylamin)-1,8-naphthalimide (NA-17)—To a
stirred solution of 2 (4.23 g; 10 mmol) in 50 ml of DMSO, 3-di-
methylaminopropylamine (1.02 g, 10 mmol) was added. The
reaction mixture was stirred at 135 °C for 8 h. Afterward, the
solution was poured into ice-water, and a yellow precipitation
was observed. The crude product was collected and purified
using a silica gel column with 100:5 CH,Cl,:CH;OH as the elu-
ent. The final product of NA-17 was a yellow solid, and the
overall yield was 50%. "H NMR (500 MHz, DMSO-d,) &: 8.60 (d,
J=8.3Hz, 1H),8.41 (d,/ = 7.2 Hz, 1H), 8.25 (d,/ = 8.5 Hz, 1H),
7.96 (t,] = 5.0 Hz, 1H), 7.67 (t,] = 10.0 Hz, 1H), 6.84 (d,/ = 1.5
Hz, 1H), 6.82 (d, /] = 7.9 Hz, 1H), 6.75 (d, ] = 8.7 Hz, 1H), 6.69
(dd, s = 7.9, 1.5 Hz, 1H), 5.98 (s, 2H), 4.20—4.13 (m, 2H), 3.40
(dd,J = 12.3,6.6 Hz, 2H), 2.81 (t,] = 10 Hz, 2H), 2.38 (t,] = 6.7
Hz, 2H), 2.20 (s, 6H), 1.88 -1.81 (m, 2H). '*C NMR (126 MHz,
DMSO-dy) &: 163.54, 162.66, 150.67, 147.17, 145.55, 134.21,
132.67, 130.53, 129.33, 128.33, 124.20, 121.73, 121.36, 120.02,
108.87, 108.11, 107.36, 103.61, 100.62, 56.90, 45.08, 41.38,
40.67, 33.33, 25.56. High resolution mass spectra m/z:
446.20527 (M + H] ).

Cell Culture and Cancer Cell Lines

The MGC-803, NCI-1975, NCI-H1299, NCI-H460, NCI-
H358, HCC-827, HCT-116, MCF-7, Hep-G2, BEL-7404, and
WI-38 cell lines were purchased from ATCC (Manassas, VA),
and the hepatic cell line HL-7702 was obtained from our labo-
ratory stock. All cell lines but HL-7702 and WI-38 were cul-
tured in RPMI 1640 medium (Gibco) supplemented with 10%
fetal bovine serum (FBS). The HL-7702 and WI-38 cell lines
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco) supplemented with 10% FBS.

Transfection of Cells with Plasmids

NCI-H460 cells were seeded into 6-well plates (3 X 10° cells/
well) or 24-well plates (8 X 10* cells/well) at 37 °C in a moistur-
ized environment supplied with 5% CO.,,. All transfections were
performed using Lipofectamine 2000 (Invitrogen) following the
manufacturer’s instructions. After transfection, the cells were
grown in RPMI 1640 medium with 2.5% FBS to minimize cell
death.

Reporter Gene Assay

The reporter gene assay was performed as described else-
where (26). Briefly, NCI-H460 cells were seeded into 24-well
tissue culture plates without antibiotics. After 24 h, cells
reached 80-90% confluence and were washed twice with PBS.
Then the cells were co-transfected with the firefly luciferase
reporter (pp53-TA-Luc; Beyotime Biotechnology, China) and
Renilla luciferase reporter (Promega) using Lipofectamine™
2000 in Opti-MEM I (Life Technologies) following the manufa-
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FIGURE 1. Synthesis of NA-17. A, structures of the eight naphthalimides compounds. B, synthetic route to NA-17. Reagents and conditions are as follows: a,
3,4-methylenedioxyphenethylamin, EtOH, 70 °C, 10 h; b, 3-dimethylaminopropylamine, DMSO, 135 °C. C, mass spectrum of NA-17. D, the purity of NA-17
determined by HPLC. The column used was a reversed-phase C,g column (YMC American Inc. HPLC column, 150 mm X 4.6-mm inner diameter). The column
temperature was 35 °C. The mobile phase was methanol/H,0O (from 10:90 to 100:0) with 0.01% TFA with a flow rate of 1.0 ml/min. The injection volume was 20
wul. mAU, milliabsorbance units.

cturer’s instructions. The luciferase activity was measured
according to the manufacturer’s protocol.

DNA Relaxation Assay

The supercoiled pBR322 DNA was treated with a range of
concentrations of NA-17 (20-100 um) in a buffer solution con-
taining 5 mm Tris-HCl and 50 mm NaCl buffer, pH 7.2, and the
sample solutions were incubated for 1 h. The samples were

electrophoresed in a 1% agarose gel and stained with 0.5 ug
ml ™" ethidium bromide for detection.

Cell Viability Assay
Cell viability was monitored using the MTT assay. MTT (5

mg ml~ ') was added to the wells, and the plates were incubated
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for 4 h at 37 °C. The MTT reaction was stopped by adding
DMSO (150 ul/well) followed by stirring for 10 min. The opti-
cal absorbance at 490 nm of each well was measured on a mul-
tiwell plate reader. Cell viability was calculated using
the following formula: Cell viability (%) = (As00e/As00c) X

100%. A 490, and A 490 represent the absorbance values from the
experimental and control groups, respectively.

Analyses of Cell Cycle and Cell Size

Cell cycle and cell size analyses were performed using flow
cytometry. NCI-H460 cells were harvested from adherent cul-
tures by trypsinization followed by centrifugation at 1000 rpm
for 5 min. The harvested cells were washed with PBS and then
fixed with 70% ethanol in PBS. The fixed cells were collected by
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centrifugation at 2500 rpm for 3 min and further washed with
PBS. The resulting cell pellets were resuspended in PBS with 50
pg/ml propidium iodide for nucleic acid staining and treated
with 100 ng/ml RNase A. Cell cycle distribution was analyzed in
a BD Biosciences FACSAriall flow cytometer using ModFit LT
software. The mean FSC-H population was used to determine
the relative cell size.

Fluorescence Confocal Microscopy

NCI-H460 cells were cultured on glass slides treated with
NA-17. 48 h after the NA-17 treatment, the cells were washed
with PBS, fixed in 4% paraformaldehyde, and permeabilized
with 1% Triton X-100. The cells were washed for four
times with PBS. A final concentration of 0.5 ug/ml Hoechst
33258 (Sigma) was included in the final wash to stain cell nuclei.
The cell images were collected using a Carl Zeiss LSM 710 fluores-
cence confocal microscope with a Plan-Neofluar 20X or 40X
objective. Forimmunostaining 48 h after the NA-17 treatment, the
cells were washed with PBS, fixed with 4% paraformaldehyde, and
incubated with appropriate primary antibodies followed by the
addition of Cy3-conjugated secondary antibodies.

Western Blotting Analysis

NCI-H460 cells (3 X 10°) were cultured in 6-well plates to
80-90% confluence. The cell culture medium was then
replaced with 0.1% FBS, RPMI 1640 medium, and the cells were
cultured for another 12 h. The cells were exposed to NA-17
(0-20 M) for 24 h, then washed once with ice-cold PBS, and
extracted with the sample buffer. The cell extracts were sepa-
rated on polyacrylamide-SDS gels, transferred to nitrocellulose
membrane, and probed with primary antibodies. The mem-
brane was incubated with anti-rabbit IgG (alkaline phospha-
tase-linked) and developed by using an ECL Western blotting
system (Eastman Kodak Co.).

siRNA Transfection

Lipofectamine 2000 was used to transfect siRNA. NCI-H460
cells were seeded in 6-well tissue culture plates without antibi-
otics. After 24 h, the cells reached 60—80% confluence. The
cells were washed twice with PBS and then transfected with
siRNA or scRNA (100 pmol/well) using Lipofectamine 2000 (5
ul/well) in Opti-MEM 1 following the manufacturer’s instruc-
tions. After transfection, the cells were incubated with siRNA
or scRNA for 6 h and then placed in fresh culture medium. 24 h
after transfection, the cells were used for analysis. The siRNA
target sequences are as follows (27): p53, 5'-AAGGAAAT-
TTGCGTGTG GAGT-3'; p21, 5'-GTCACTGTCTTGTACC-
CTT-3'. The scRNA sequence is as follows: 5'-UUCUCCGA-
ACGUGUCACG UT-3'".

RNA Extraction

Total RNA in NCI-H460 cells was extracted using the
RNAsimple Total RNA kit (Tiangen). Briefly, cells grown on
10-cm dishes were treated with NA-17 (5 um) for 24 h and then
lysed. RNA was extracted from the NA-17-treated cells accord-
ing to the manufacturer’s protocol.
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TABLE 1

Primer sequences
Primer Sequences (5’ to 3')
B-Actin Forward, GTGGGGCGCCCCAGGCACCA

Reverse, CTCCTTAATGTCACGCACGATTC
p21 Forward, CGATGGAACTTCGACTTTGTCA
Reverse, GCACAAGGGTACAAGACAGTG

Bel-x1 Forward, GAGCTGGTGGTTGACTTTCTC
Reverse, TCCATCTCCGATTCAGTCCCT
Bax Forward, CCCGAGAGGTCTTTTTCCGAG
Reverse, CCAGCCCATGATGGTTCTGAT
Bak Forward, GTTTTCCGCAGCTACGTTTTT
Reverse, GCAGAGGTAAGGTGACCATCTC
Bim Forward, TAAGTTCTGAGTGTGACCGAGA
Reverse, GCTCTGTCTGTAGGGAGGTAGG
P1 Forward, AGCCTTAAAAGAATGAATGAA
Reverse, GCTTGCTGTGTGACCTTGGGC
P2 Forward, CTATAGCCATTTACAAGTTAAAAG
Reverse, TCAGGAGGAAGAGGCAGTTTCTG
P3 Forward, AATAGAGCAACCATTAACAC
Reverse, TAATCTCTTGTGGACGGCC
P4 Forward, TGACATTAGGCATTAATCC

Reverse, ACTGCACTCCAGCCTGGGAG

Quantitative Real Time PCR

Gene expression levels were examined using the quantitative
real time PCR following the manufacturer’s instructions
(Applied Biosystems, Invitrogen). All real time reactions were
performed in a 7500 Fast Real Time PCR System (Applied Bio-
systems). The amplification reaction solution (20 ul) consisted
of 2X SuperReal PreMix (10 ul), the special primer set (1.2 ul),
double distilled H,O (7.8 ul), and cDNA (1 ul), and the PCR was
performed in the following condition: 40 cycles at 95 °C for 15 s
and 60 °C for 60 s. Comparative real time PCR was performed in
triplicate, including a no-template control. Relative expression
levels were calculated using 2 “*Ct. Gene expression levels
were analyzed using the 7500 Fast Real Time Sequence Detec-
tion System Software (Applied Biosystems). Primer sets used
for these analyses are listed in Table 1.

In Vitro Assay of Caspase-3 Activation

The assay was performed based on the ability of the active
enzyme to cleave the chromophore of the enzyme substrate
Red-DEVD-fmk. The inhibitor-treated cells and control cells
were harvested at a density of 1 X 10° cells/ml in RPMI 1640
medium supplemented with 10% FBS. 300 ul of the inhibitor-
treated culture or the control culture was incubated with 1 ul of
Red-DEVD-fmk for 1 hin a 37 °C incubator with 5% CO,. Flow
cytometric analysis was performed using a FACSAriall flow
cytometer equipped with a 543 nm argon laser. The results are
presented as percent changes of the activity compared with the
control sample.

Coimmunoprecipitation Assay

The coimmunoprecipitation assay was performed as de-
scribed previously (28). Briefly, cells grown on 10-cm dishes
were lysed in 300 ul of immunoprecipitation lysis buffer (20 mm
Tris-HCI, pH 7.4, 135 mMm NaCl, 1.5 mm MgCl,, 1 mm EDTA,
10% (v/v) glycerol, 1% (w/v) CHAPS with a protein inhibitor
mixture (Roche Applied Science)). Immunoprecipitations were
carried out using the Catch and Release v2.0 Reversible Immu-
noprecipitation System kit (Millipore). Columns were washed
according to the protocol. The reaction mixture for immuno-
precipitation contained 2 ug of immunoprecipitation antibody,
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2000 pg of protein, and the antibody capture affinity ligand.
Samples were incubated at 4 °C for 2 h and washed five times
with 400 ul of 1X Catch and Release Washing Buffer. Anti-
body-captured proteins were eluted with 45 ul of Catch and
Release Denaturing Buffer containing 200 ul of B-mercapto-
ethanol followed by centrifugation at 5000 rpm for 20 s.

In Situ NA-17 and p53 Interaction Assay

The direct interaction between NA-17 and p53 was detected
by mass spectrometry (coimmunoprecipitation-MS). Briefly,
cells growing on 10-cm dishes were lysed in 300 ul of immuno-
precipitation lysis buffer, and then the whole proteins were
incubated with NA-17 (10 um) at 37 °C for 1 h. Immunoprecipi-
tations were carried out using the Catch and Release v2.0
Reversible Inmunoprecipitation System kit with the same pro-
tocol as described in the previous section. Finally, the precipi-
tated sample was sonicated for 1 min and analyzed by electro-
spray ionization mass spectrometry.

Chromatin Immunoprecipitation (ChIP) Assay

The ChIP assay was performed as described previously (27).
The histones of the cells grown on 10-cm dishes were cross-
linked to DNA by adding formaldehyde directly to the culture
medium to a final concentration of 1% followed by incubation
for 10 min at 37 °C. The chromatin DNA was sheared into frag-
ments in the range of 200-1000 base pairs by sonication.
Immunoprecipitations were carried out using a ChIP assay kit
(Millipore) with the anti-phospho-p53 antibody. The immuno-
precipitated DNA was quantified by quantitative real time PCR.
The primer sets used for these analyses are listed in Table 1.

In Vivo Xenograft Model Assay

Pathogen-free male BALB/c nude mice aged 6 weeks
(Changzhou Cavens Experimental Animal Co., Ltd., Chang-
zhou, China) were used to establish the NSCLC xenograft
model. The mice were maintained under controlled environ-
mental conditions of constant photoperiod (12-h light-dark
cycle at 24 °C and 65— 85% humidity). Solid tumors were con-
structed by subcutaneous injection of 5 X 10° NCI-H460 cells
into the flank region of the nude mice (n = 6). The tumor-
implanted mice were treated intraperitoneally with vehicle (5%
DMSO in saline, v/v) or with 10 mg kg~ * NA-17 per 2 days.
10-Hydroxycamptothecin (6 mg kg ~*; per 2 days) was used as a
positive control. The body weight and tumor size of the mice
were measured three times a week. The tumor size was deter-
mined by measuring the length (/) and width (w) and calculating
the volume (V = w?/2).

Statistical Analysis

All data are shown as mean = standard deviation (S.D.) using
two-tailed Student’s ¢ test and one-way analysis of variance with
Bonferroni multiple comparison post-test. p < 0.05 was con-
sidered as a significant difference.

Results
Reporter Gene System Screen Identified NA-17 as a Novel p53

Activator—To obtain potential p53 activators, we performed
reporter gene system screening. NCI-H460 cells were tran-
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siently transfected with pp53-TA-Luc reporter (a p53-respon-
sive reporter) (26). Then the cells were treated with the candi-
date compounds (5 um) for 24 h and analyzed by luciferase
assay. As shown in Fig. 24, the screening results showed that
NA-17 caused the most significant increase in the p53-induced
reporter gene activity. To further determine the mechanism of
the p53-dependent reporter gene response, we checked the
expression of p53 and the phosphorylation of p53 at serine 392
before and after NA-17 treatment. Phosphorylation of p53 at
serine 392 (equivalent to mouse serine 389) is thought to result
in conformational changes, thereby enhancing transcriptional
activity and DNA-specific binding (29-31). As shown in Fig.
2B, p53 activation induced by NA-17 was mainly achieved via
p53 phosphorylation in a dose-dependent manner with a minor
contribution from the enhancement in p53 expression.

p53 activation is a common response to cellular stresses (32),
especially in small molecule-induced p53 activation, with DNA
damage as a main cause for p53 activation (33). To explore
whether the p53 activation response triggered by NA-17 in
NCI-H460 cells was due to DNA damage, we investigated the
cellular distribution of NA-17. As depicted in Fig. 2C, NA-17
was mainly distributed in the cytoplasm, suggesting that DNA
damage was not the major cause of p53 activation. To further
rule out DNA damage-induced p53 activation, a DNA relax-
ation assay was performed to characterize the interaction
between NA-17 and DNA directly. After NA-17 treatment at
high concentrations (20 -100 um), there was nearly no change
in the conformation or mobility rate of DNA (Fig. 2D). More-
over, a biomarker, yH2AX, was used to detect DNA damage. As
depicted in Fig. 2E, no DNA damage was detected after the
NA-17 treatment even at high concentrations. Collectively,
these results suggested that NA-17 activated p53 without
directly triggering DNA damage.

Inactivation of p53 commonly occurs in NSCLCs (6). Thus,
we investigated whether NA-17 can inhibit cancer cell viability
by restoring p53 function. We first checked the correlation
between p53 activation and the inhibitory effect on NCI-H460
cells of the screened compounds NA-11, NA-17,and NA-18. As
shown in Fig. 2, F and G, the inhibition in cell viability of these
compounds was consistent with the levels of p53 phosphoryla-
tion, indicating that cell viability inhibition by these com-
pounds was mainly dependent on p53 activation. Among the
tested compounds, NA-17 was the most potent inhibitor and
inhibited cell proliferation in a dose-dependent manner (Fig.
2J). Next, we sought to identify whether NA-17 can inhibit cell
proliferation in other NSCLC cell lines. As shown in Fig. 2H,
NA-17 also exhibited an anticancer effect in four other NSCLC
cell lines. The inhibition effects in these NSCLC cell lines
were distinctive to each other. This might be due to the fact
that the activation states of endogenous p53 are different
among NSCLC cell lines (34, 35). To investigate whether the
activation state of endogenous p53 is essential for NA-17-
induced inhibition in NSCLC cell lines, we examined the p53
phosphorylation level in different NSCLC cell lines. Our
result showed that NSCLC cell lines insensitive to the NA-17
treatment showed high activation levels of endogenous p53
(Fig. 2I).
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FIGURE 2. Identification the novel p53 activator NA-17. A, reporter gene assay for p53 transactivation in NCI-H460 cells. NCI-H460 cells were transfected with
the pp53-TA-Luc vector and further treated with a 5 um concentration of each compound for 24 h. B, NA-17 significantly activated p53 with little influence on
its expression. NCI-H460 cells were incubated with the indicated concentrations of NA-17 for 24 h. Whole-cell extracts were prepared and analyzed by Western
blotting using antibodies against p53 and phospho-p53 (p-p53) (Ser-392). The same blots were stripped and reprobed with the B-actin antibody to show equal
protein loading. C, NA-17 distributed in the cytoplasm of NCI-H460 cells. NCI-H460 cells were treated with 10 um NA-17 for 1 h and stained with Hoechst 33258.
Images were acquired using an LSM 710 microscope (magnification, 400X). D, gel electrophoresis of pBR322 DNA after NA-17 treatment at concentrations of
20-100 pmfor 1 h. E,immunoblotting analysis of yH2AX related to NA-17-induced DNA damage. Whole-cell extracts were prepared and analyzed by Western
blotting using antibody against yH2AX. F, cell proliferative inhibition effect of NA-11, NA-17, and NA-18 in NCI-H460 cells. G, immunoblotting analysis of
phospho-p53 after treatment with NA-11, NA-17, and NA-18. H, ICs, values of NA-17 in four NSCLC cancer cell lines (NCI-1975, HCC-827, NCI-H358, and
NCI-H460). I, p53 phosphorylation levels in four NSCLC cancer cell lines (NCI-1975, HCC-827, NCI-H358, and NCI-H460). Whole-cell extracts were prepared and
analyzed by Western blotting using antibody against phospho-p53 (Ser-392). The same blots were stripped and reprobed with the B-actin antibody to show
equal protein loading.J, selective inhibitory effect of NA-17 on cell proliferation was mainly dependent on p53 profiles. NCI-H460 cells were pre-exposed to EGF
receptor siRNA or scRNA for 24 h and then treated with the indicated concentrations of NA-17 for 48 h. Error bars represent S.D. *, p < 0.05 and **, p < 0.01 versus
control.

Moreover, the effect of NA-17 on the p53-null NSCLC cell centrations of NA-17 for 48 h. As shown in Fig. 2/, both the
line, NCI-H1299, and p53 siRNA-treated NCI-H460 cells was  p53-null NCI-H1299 cells and the p53-ablated NCI-H460 cells
investigated. Both types of cells were exposed to different con-  were insensitive to the NA-17 treatment.
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spectrometry (m/z 446.1; [M + H]*). B, NA-17 directly interacted with p53. The whole proteins extracted from NCI-H460 cells were incubated with NA-17 (10 um) at
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ionization mass spectrometry (m/z446.1;[M + HI™). C, the negative control of the in situ NA-17 and p53 interaction assay. The whole proteins extracted from NCI-H460
cells were incubated with DMSO (1%) at 37 °C for 1 h. Immunoprecipitations were performed using the same method. Intens., intensity.

To examine whether there were direct interactions between etry (Fig. 34) demonstrated that NA-17 directly interacted with
NA-17 and p53, coimmunoprecipitation-MS experiments were  p53 (Fig. 3B).
performed with NCI-H460 cell extracts. As shown in Fig. 3, NA-17 Showed Antiproliferation Activity toward a Wide
immunoprecipitation with antibodies against phospho-p53 Range of Cancer Cell Lines—The anticancer effect of NA-17
(Fig. 3B) followed by detection of NA-17 using mass spectrom-  against different cancer cell lines was characterized by the MTT
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assay. As depicted in Fig. 44, NA-17 exhibited proliferation cells, WI-38, with NA-17. The cell viability of HL-7702 and
inhibition on a wide range of cancer cell lines with IC,, valuesin ~ W1I-38 cells was reduced after NA-17 treatment for 48 h. How-
the micromolar range. To examine the effect of NA-17 onnor-  ever, inhibitory rates (no more than 50%) were much lesser than
mal cells, we treated hepatic cells, HL-7702, and lung epithelial ~those of cancer cells (Fig. 4B). To demonstrate that the
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observed difference in the inhibition effects of NA-17 between
cancer cells and normal cells was not caused by the difference in
culturing conditions, the cytotoxicity of NA-17 on normal cell
lines was also examined in RPMI 1640 medium. The IC, values
of NA-17 on normal cell lines in this culturing condition were
almost identical to those in the DMEM culturing condition
(data not shown; p > 0.05). These results suggested that NA-17
exhibited selective toxicity for cancerous over normal cells.

To investigate whether the anticancer effect of NA-17
against other cancer cell lines was due to p53 activation, we
examined the phosphorylation level of p53 after NA-17 treat-
ment in the breast cancer cell line MCEF-7, the colon cancer cell
line HCT-116, and the normal cell line WI-38. Our results
showed that NA-17 increased the p53 phosphorylation level in
the HCT-116 and MCEF-7 cell lines in a dose-dependent man-
ner. However, nearly no change in the p53 phosphorylation
level was observed in W1-38 cells (Fig. 4C).

The in vivo anticancer activity of NA-17 was studied in NCI-
H460 xenograft tumors in nude mice. The tumor-bearing mice
treated with NA-17 (10 mg/kg/2 days) showed significant
tumor growth inhibition over the treatment period compared
with the negative control (Fig. 4, D, F, and G). The tumor
growth inhibition values of NA-17 and the positive control,
10-hydroxycamptothecin, were 63.1 and 72.9%, respectively. In
all experiments, except for a slight body weight decrease
in 10-hydroxycamptothecin-treated animals, no differences in
clinical signs of toxicity and food consumption were found
between the control group and NA17-treated animals (Fig. 4E).

NA-17 Induced Cell Cycle Arrest and Cell Size Changes in
NCI-H460 Cells—To study the potential mechanistic pathway
responsible for cell proliferation inhibition of NA-17, we inves-
tigated NA-17-induced changes in the cell cycle. As shown in
Fig. 54, NA-17 treatment caused a pronounced increase in the
cell population in the G,/G; phase and the sub-G,; phase (a
specific phase of cell death) as well as a marked decrease in the
S and G, phases (Fig. 54 and B). In contrast, there was no
observable cell cycle arrest in the WI-38 cells or the p53-null
NCI-H1299 cells (Fig. 5A).

Moreover, NA-17 induced a reduction in the cell size (Fig.
5C, top panel). The relative cell size (mean FSC-H) of NA-17-
treated NCI-H460 cells was 74.5% of that of the control cells
(Fig. 5C, bottom panel). Collectively, these results showed that
the antiproliferation activity of NA-17 was due to the G, arrest-
induced growth inhibition and cell size reduction.

To investigate the mechanism of NA-17-induced cell cycle
arrest, we examined the expression level of p21, a protein inhib-
itor of the complexes of cyclin D and cyclin-dependent kinases
(CDKs), which are involved in G to S phase progression (36).
Our results showed that the NA-17 treatment led to a signifi-
cant increase of p21 in a dose-dependent manner (Fig. 5D).
However, almost no change was detected in the expression lev-
els of cyclin D and CDK4. These results suggested that the
observed G, arrest induced by NA-17 resulted from inhibition
of the CDK activity by p21 rather than reduced expression of
cyclin D and CDK4.

NA-17 Induced Cell Apoptosis through the Intrinsic Apoptotic
Pathway—To obtain further insight into the mechanisms of the
tumor suppression activity of NA-17, we investigated whether
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the sub-G, phase cell cycle arrest induced by NA-17 was due to
apoptosis. The NA-17-treated cells were studied via Hoechst
33258 staining and immunostaining of AIF for apoptosis iden-
tification. As shown in Fig. 64, the cells treated with NA-17
displayed chromatin condensation and fragmentation. The
condensed apoptotic nuclei were readily observed compared
with the control cells without the NA-17 treatment. Further-
more, after treatment with NA-17, AIF was released from mito-
chondria and translocated to the nucleus to trigger apoptosis.
To confirm the proapoptotic effect of NA-17 in NCI-H460
cells, cell apoptosis with activated caspase-3 was also studied.
As shown in Fig. 6B, additional peaks for cells with activated
caspase-3 were observed in the NA-17-treated cells compared
with the control group. The proportion of caspase-3-activated
cells after NA-17 treatment was 14.7% in the NCI-H460 cells.
However, this value decreased to 4.8% in the p53-ablated NCI-
H460 cells and to 3.1% in the p53-null NCI-H1299 cells.

Notably, during apoptotic events, AIF is usually released
from mitochondria and translocated to cell nuclei to trigger
apoptosis. To probe whether the NA-17-induced apoptosis was
caused by the AIF-mediated pathway, we examined the protein
level of AIF in cell nuclei and mitochondria before and after the
NA-17 treatment. As depicted in Fig. 6C, as the concentration
of NA-17 increased, the amount of AIF in the mitochondria was
reduced after 24-h treatment due to the rapid translocation into
cell nuclei.

Because AIF is a mitochondrial protein (37), we next exam-
ined the death effectors in mitochondria that participated in the
death signaling. The proteins from the Bcl-2 family were cho-
sen as the candidates. As shown in Figs. 6D (left) and 7B, upon
NA-17 treatment, we observed a significant increase in the pro-
tein levels of Bak, Bim, and Bax and a pronounced decrease in
the protein level of Bcl-xl. There was no significant change in
the protein level of Bcl-2. In comparison, there was nearly no
change in the protein levels of the Bcl-2 family members after
NA-17 treatment in the normal WI-38 cells (Fig. 6D, right).
These results indicated that the NA-17-induced cell apoptosis
was achieved via the mitochondrially mediated intrinsic apo-
ptotic pathway.

NA-17 Induced Conformational Activation of Bak for Cell
Apoptosis by Reorganizing the Bak-Bcl-xI Complex—Conforma-
tional activation of Bak via N-terminal exposure is a distinct
marker of the sensitized mitochondrial apoptotic pathway (28).
NA-17 treatment induced apoptosis in the NCI-H460 cells and
caused an increase in the protein level of Bak. An immunohis-
tochemistry method was used to examine whether NA-17 acti-
vated Bak through conformational changes. As shown in Fig.
7A, there was nearly no activated Bak in the control group.
Notably, inactivated Bak cannot function as a death effector.
After NA-17 treatment, conformationally altered Bak was gen-
erated and further captured at the N terminus by the Bak anti-
body. Thus, NA-17 was able to conformationally activate Bak
for cell apoptosis.

We further examined the cellular distribution of Bak. Con-
focal microscopy examination showed that Bak was mainly
located in cytoplasm, not in cell nuclei (Fig. 7A). A subcellular
fractionation assay suggested that Bak was present only in mito-
chondria and that NA-17 was able to up-regulate the Bak
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FIGURE 5. Effects of NA-17 on cell cycle distribution and cell size in NCI-H460 cells. A, the regulation of cell cycle arrest by NA-17 was examined by FACS
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FSC-H values are shown. D, immunoblotting analysis of proteins related to NA-17-induced cell cycle arrest. Whole-cell extracts were prepared and analyzed by
Western blotting using antibodies against the proteins indicated. Error bars represent S.D. *, p < 0.05 and **, p < 0.01 versus control (Con).

expression in mitochondria in a dose-dependent manner
(Fig. 7B).

Previous studies have shown that an antiapoptotic Bcl-2 fam-
ily member, Bcl-xl, controls the conformational status of Bak
via forming the Bak-Bcl-xI complex (28). Conformational acti-
vation of Bak triggers dissociation of such complexes, thereby
generating Bak homodimers (18). We performed coimmuno-
precipitation analysis to probe whether the NA-17-induced
Bak activation was caused by disruption of the Bak-Bcl-xI com-
plex. Our result showed that NA-17 disrupted the Bak/Bcl-xI
interaction (Fig. 7D) and down-regulated the Bcl-xl expression
in mitochondria (Fig. 7B).
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NA-17 was demonstrated to be a p53 activator in this study.
It significantly promoted p53 phosphorylation without altering
the expression of p53 (Fig. 2B). It is noteworthy that phospho-
p53 was mainly accumulated in mitochondria (Fig. 7C). Previ-
ous studies have shown that activated p53 is usually translo-
cated into mitochondria to trigger apoptosis through the
transcription-independent p53 pathways (18, 19). These results
guided us to study the potential role of p53 in NA-17-induced
Bak activation. To analyze the role of p53 in perturbing the
Bak/Bcl-xl interaction after NA-17 treatment, we coimmuno-
precipitated phospho-p53 with Bcl-xI and Bcl-xl with Bak in
NCI-H460 cells. As shown in Fig. 7D, direct interaction
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pathway. A, the induction of apoptosis by NA-17 was examined with Hoechst

33258 and AIF immunostaining in NCI-H460 cells. Images were acquired using an LSM 710 microscope (magnification, 400X). B, caspase-3 activation after
NA-17 treatment of NCI-H460, p53-ablated NCI-H460, and p53-null NCI-H1299 cells. Cells were incubated with 5 um NA-17 for 24 h. The arrows indicate the
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and immunoblotting was performed with mitochondrial and nuclear fractions. Cytochrome c oxidase (cox) IV and lamin B1 were used as the mitochondrial and
nuclear marker proteins, respectively. D, immunoblotting analysis of proteins related to the mitochondrially mediated intrinsic apoptotic pathway evoked by

NA-17.Whole-cell extracts were prepared and analyzed by Western blotting u
reprobed with the B-actin antibody to show equal protein loading. mito, mit

between phospho-p53 and Bcl-xl was observed after the NA-17
treatment, which was consistent with a previous report (38). It
is highly possible that the binding of phosopho-p53 to the Bcl-xI
molecules in the Bak-Bcl-xI complexes induced the dissociation
of the Bak'Bcl-xI complexes, thereby leading to the activation of
Bak.

FEBRUARY 19,2016-VOLUME 291-NUMBER8  SASBMB

sing antibodies against the proteins indicated. The same blots were stripped and
ochondrial.

NA-17 Regulated Cell Cycle and Cell Apoptosis-related
Targets via Transcriptional Regulation—As evident from the
experimental results presented in this work, the NA-17 treat-
ment caused alterations in the expression levels of several pro-
teins (Figs. 5D, 6D, and 7B). Thus, NA-17-induced p53 activa-
tion might play an important role in transcriptionally
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NA-17 induces conformational Bak activation. Cells were immunostained with antibody for active Bak. Images were acquired using an LSM 710 microscope
(magnification, 400X). B, subcellular localization and variation of Bak and Bcl-xI after NA-17 treatment. NCI-H460 cells treated with NA-17 were subjected to
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(cox) IV were used as the cytosolic and mitochondrial marker proteins, respectively. C, phospho-p53 (p-p53) accumulation in mitochondria after NA-17
treatment. NCI-H460 cells treated with NA-17 were subjected to subcellular fractionation, and immunoblotting was performed with cytosolic and mitochon-
drial fractions. B-Actin and cytochrome c oxidase IV were used as the cytosolic and mitochondrial marker proteins, respectively. D, status of the Bak/Bcl-x|
interaction and phospho-p53/Bcl-xl interaction in NCI-H460 cells treated with 5 um NA-17 for 24 h. **, p < 0.01 versus control (Con). IP, immunoprecipitation.

regulating related genes as p53 usually activates the transcrip-
tional cascade in response to signal stimulation (10). To test this
hypothesis, we examined whether phospho-p53 was translo-
cated into cell nuclei from the cytoplasm after NA-17 treat-
ment. As shown in Fig. 84, with increasing concentrations of

4222 JOURNAL OF BIOLOGICAL CHEMISTRY

NA-17, the amount of phospho-p53 in cell nuclei was signifi-
cantly increased along with a pronounced reduction in the
amount in the cytoplasm (Fig. 7C).

Next, we investigated whether NA-17 regulated the related
gene targets at the transcriptional level by performing quanti-
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NCI-H460 cells. Error bars represent S.D.

tative real time PCR assays in NCI-H460 cells. Compared with
the control group, the NA-17 treatment increased the tran-
scription levels of p21, Bim, Bax, and Bak but decreased the
transcriptional level of Bcl-xl, consistent with the immunoblot-
ting results (Figs. 5D, 6D, and 7B). In contrast, ablation of p53 in
NCI-H460 cells by p53 siRNA significantly decreased the tran-
scription levels of p21, Bim, Bax, and Bak but increased the
transcriptional level of Bcl-xI compared with the control group
(Fig. 8, B and C). To rule out off-target effects, p21 siRNA and
p53 siRNA* (a commercially purchased siRNA) were used in
parallel experiments. As depicted in the left panel of Fig. 8C,
ablation of p21 in NCI-H460 cells significantly decreased p21
expression. However, there was nearly no influence on the
expression levels of Bim, Bax, Bcl-xl, and Bak. Meanwhile, abla-
tion of p53 in NCI-H460 cells by p53 siRNA* produced a similar
effect on gene expression as that generated by p53 siRNA (Fig.
8C, right panel). Collectively, these results suggested that
NA-17-induced nuclear accumulation of phospho-p53 is a crit-
ical cause for cell cycle- and cell apoptosis-related changes.
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To determine whether phospho-p53 directly bound to the
target genes, ChIP assays were performed. Previous studies
have documented that p53 can directly bind to the genes of Bax,
p21, and Bim (10, 39, 40). Herein, we investigated its interac-
tions with Bak and Bcl-xl. A survey of the p53FamTag data-
base showed that there was no putative p53-responsive ele-
ment (p53RE) in the intron and promoter region of Bak, but
two putative p53REs (p53RE-1 and p53RE-2) were identified
within the Bcl-xl intron (Fig. 8D). To eliminate false positive
results in the ChIP assays, the canonical p53 target, p21,
which possesses two p53REs (p53RE-3 and p53RE-4) in its
promoter (Fig. 8D), was adopted as a positive control. The
ChIP assays demonstrated that NA-17 treatment increased
p53 binding to the intron of Bcl-xl at p53RE-1 and p53RE-2
and to the promoter of p21 at p53RE-3 and p53RE-4. Abla-
tion of p53 in NCI-H460 cells, however, caused a pro-
nounced reduction in p53 binding to the intron of Bcl-xl and
to the promoter of p21 (Fig. 8E). These results indicated that
NA-17-induced p53 activation enhanced p53 binding to the
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intron of Bcl-xl directly, resulting in suppression of the tran-
scription of Bcl-xl.

Discussion

In this study, we discovered a novel naphthalimide com-
pound, NA-17, that can directly active p53 in NSCLC cells
without causing DNA damage. Our results showed that NA-17
effectively suppressed cell proliferation of lung cancer cell lines
in which p53 is inactivated. Moreover, we demonstrated that
the antitumor effect of NA-17 is likely due to the induction of
apoptosis and cell cycle arrest by phospho-p53.

Conventional chemotherapeutic agents usually fail clinical
tests due to the incapability to distinguish between healthy and
cancer cells. Our studies on the cellular performance of NA-17
revealed that it strongly inhibited the cell viability of a broad
range of cancer cell lines but exhibited low toxicity to normal
cell lines. Notably, NA-17 displayed distinctive inhibitory
effects toward different NSCLC cell lines. This phenomenon
might be due to the difference in the activation state of endog-
enous p53 between different NSCLC cell lines (33, 34) as NA-17
was potent to the NSCLC cell lines with inactivated p53.

Cell cycle arrest is a common response to p53 activation (15—
17). NA-17 induced cell cycle arrest in the G; phase. It tran-
scriptionally up-regulated the expression of p21 with no influ-
ence on the expression levels of cyclin D and CDK4. Further
studies indicated that NA-17 induced accumulation of phos-
pho-p53 in cell nuclei, which triggered cell cycle arrest through
transcriptional regulation.

We further examined the cell apoptosis induced by NA-17 in
NCI-H460 cells. We found that NA-17-induced cell apoptosis
was accompanied by chromatin condensation and fragmenta-
tion, caspase-3 activation, and AIF release from mitochondria.
The mitochondrially mediated intrinsic apoptotic pathway
always involves small molecule-induced cell apoptosis (41). We
identified the death effectors in mitochondria that participated
in the NA-17-induced apoptosis, including Bak and Bim. The
ChIP assays showed that the NA-17-induced phospho-p53
molecules accumulated in cell nuclei directly bound to the
Bcl-xl gene and inhibited its transcription.

Conformational activation of Bak is a characteristic marker
of the sensitized mitochondrial apoptotic pathway (28). Here
we found that NA-17-induced mitochondrial accumulation of
phospho-p53 conformationally activated Bak by reorganizing
the Bak-Bcl-xl complex. Coimmunoprecipitation analysis sug-
gested that NA-17-induced phospho-p53 directly bound to the
Bcl-xI molecules in the Bak-Bcl-xI complexes, causing dissocia-
tion of Bak from the complexes. This process activated Bak for
cell apoptosis. It has been shown previously that Bcl-xl is one of
the direct targets of p53, and it can bind cytosolic p53 at its
DNA-binding domain (38, 42). The regulation of Bcl-xI by p53
is not a cell-specific phenomenon as endogenous p53-Bcl-xI
complexes have been detected in various cell lines, such as
MCF-10A, MCEF-7, and HeLa cells (28).

The activation of p53 is usually achieved via disrupting the
interaction between p53 and the MDM2 protein due to DNA
damage (7-9) or ADP-ribosylation factor function (43, 44),
thereby preventing the degradation of the p53 protein. Alter-
natively, phosphorylation of p53 at Ser-392 can cause confor-
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mational changes that enhance DNA binding and increase
transcriptional activity (29-31). In this study, NA-17 might
activate p53 through a third mechanism as Ser-392 can be phos-
phorylated only by UV radiation according to previous reports
(30, 31). NA-17 might directly interact with p53 (Fig. 3) and
trigger phosphorylation of p53.

In conclusion, we synthesized NA-17, characterized its anti-
cancer properties, and investigated the mechanism of action.
Our results demonstrated that NA-17 is a promising tumor-
specific anticancer agent for NSCLC therapies and an efficient
adjuvant in p53 restoration-mediated anticancer therapies.
This work also highlighted the importance of establishing
molecular regulatory networks for mechanistic pharmacologi-
cal studies.
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