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Small-Molecule NSC59984 Induces Mutant p53
Degradation through a ROS-ERK2-MDM2 Axis in
Cancer Cells
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ABSTRACT
◥

Increased reactive oxygen species (ROS) and hyperstabilized
mutant p53 are common in cancer. Hyperstabilized mutant p53
contributes to its gain of function (GOF) which confers resistance to
chemotherapy and radiotherapy. Targeting mutant p53 degrada-
tion is a promising cancer therapeutic strategy. We used a small-
molecule NSC59984 to explore elimination of mutant p53 in cancer
cells, and identified an inducible ROS-ERK2-MDM2 axis as a
vulnerability for induction of mutant p53 degradation in cancer
cells. NSC59984 treatment promotes a constitutive phosphorylation
of ERK2 via ROS in cancer cells. The NSC59984-sustained ERK2
activation is required for MDM2 phosphorylation at serine-166.
NSC59984 enhances phosphorylated-MDM2 binding to mutant

p53, which leads to mutant p53 ubiquitination and degradation.
High cellular ROS increases the efficacy of NSC59984 targeting
mutant p53 degradation and antitumor effects. Our data suggest
that mutant p53 stabilization has a vulnerability under high ROS
cellular conditions, which can be exploited by compounds to target
mutant p53 protein degradation through the activation of a ROS-
ERK2-MDM2 axis in cancer cells.

Implications: An inducible ROS-ERK2-MDM2 axis exposes a
vulnerability in mutant p53 stabilization and can be exploited by
small-molecule compounds to induce mutant p53 degradation for
cancer therapy.

Introduction
The tumor suppressor p53 has mutations in over 50% of human

cancers.Mutations not only result in loss ofwild-type p53 function, but
also endow mutant p53 with a gain of function (GOF). Mutant p53
GOF contributes to tumorigenesis, tumor proliferation, cell migration,
and drug resistance via regulating gene transcription and chromatin
modification (1–4). An emerging literature suggests that removal of
mutant p53 suppresses tumor growth and sensitizes cancer cells to
chemotherapy (5–7). These studies provide a rationale for depletion of
mutant p53 protein by smallmolecules for cancer therapy.However, in
contrast to wild-type p53, mutant p53 is hyperstabilized in tumors due
to oncogenic signals andmultiple cellular stresses (including oxidative
stresses) caused by chemotherapy and radiotherapy (4, 8). The redox
system is involved in the stabilization of mutant p53 in cancer cells (9),

and mutant p53 further increases cellular ROS by regulating the redox
system (10–12). These findings suggest a potential cross-talk between
mutant p53 stabilization and reactive oxygen species (ROS) in cancer
cells. There is a gap between in our current understanding of oxidative
stresses (mostly caused by ROS) and the induction of mutant p53
protein degradation by smallmolecules in cancer therapy. It is urgently
needed to determine whether increased ROS either imposes a barrier
on the elimination of mutant p53 protein or renders upon mutant p53
a vulnerability that can be exploited by small molecules to abolish
mutant p53 protein as a cancer therapeutic strategy.

Mutant p53 is stabilized in cancer cells due to its inability to induce
expression of MDM2, an E3 ubiquitin ligase which forms a negative
feedback loop with wild-type p53 protein for degradation. In addition,
mutant p53 is protected by protein chaperones, such as HSPs, from
protein degradation mediated by MDM2 or C-terminus of Hsc70-
interacting protein (CHIP; refs. 13, 14). Few smallmolecules have been
identified to induce mutant p53 degradation (15, 16). One of the
strategies for depleting mutant p53 is to induce mutant p53 protein
degradation via the ubiquitin-dependent proteasome pathway. For
example, geldanamycin (GA), SAHA, and statins inhibit HSP chap-
erone binding to mutant p53, therefore mutant p53 is degraded by the
proteasome through MDM2 (or CHIP)-mediated ubiquitina-
tion (5, 17). Exploitation of autophagy is another attractive strategy
for eliminating mutant p53. A small-molecule spautin provides an
example for depleting mutant p53 protein via lysosome ubiquitina-
tion (18). An increase in ROS level has been found in cancer cells
treated with most of the mutant p53-destabilizing small molecules,
such as GA, statins, and SAHA (19–21). Redox-status of p53 is well
known for the stabilization and activation of wild-type p53 (22). The
effect of increased ROS and its related signaling on mutant p53
degradation induced by small molecules remains unclear and needs
to be investigated.

The extracellular signal-regulated kinases (ERK1/2) are at the center
of signaling pathways that regulate cell proliferation and cell death in
response to numerous stimuli (23). An altered ERK2 signaling path-
way is common in cancer cells. Drugs that inhibit ERK2 pathway
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Figure 1.

NSC59984 constitutively induces ERK1/2 phosphorylation. A, The phosphorylation of ERK1/2 in different cancer cells. Cancer cells were treated with NSC59984
(mmol/L) for 16 hours.B, The phosphorylation of ERK1/2 in SW480 cells treatedwithNSC59984 (mmol/L) in a dose and time course.C,Thephosphorylation of ERK1/2
in SW480 cancer cells treatedwith NSC59984 (mmol/L) andNAC (mmol/L) for 16 hours.D, The phosphorylation of ERK1/2 in SW480 cancer cells with knockdown of
Ras. SW480 cells were transfected with siRNAs (siRNA #1 and #2) to knockdown Ras, followed with NSC59984 (mmol/L) treatment for 16 hours. E, The
phosphorylation of ERK1/2 in SW480 cells with knockdown of Raf expression. C-Raf or B-Raf expression was knocked down by siRNA in SW480 cells, followed with
NSC59984 (mmol/L) treatment for 16 hours. F, The phosphorylation of ERK1/2 in SW480 cells treated with NSC59984 (mmol/L) and the different kinase inhibitors
(mmol/L) as indicated for 16 hours.
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signaling have been approved by the FDA for cancer therapy (24).
However, by contrast to the physiologic transient ERK2 activation,
ERK2 is persistently activated by DNA damage agents (25, 26). Accu-
mulating evidence shows that persistent ERK2 phosphorylation is
associated with cell death (26, 27). ERK2 phosphorylates proteins and
selectively induces protein degradation (28–31). ERK2 has been found
to phosphorylate mutant p53 and MDM2 in cancer cells (32, 33).
ERK2-mediated posttranslational modifications of proteins might
therefore serve as a basis for designing more efficient strategies to
eliminate mutant p53 via protein degradation in cancer cells.

Mutated p53 and accumulation ROS that occur commonly in
cancer provide attractive therapeutic targets. NSC59984 is a first-in-
class antitumor small molecule which induces restoration of the p53
pathway signaling and degradation of mutant p53 protein (depletion
of GOF) in mutant p53-expressing colorectal cancer cells (34). We
demonstrate here that NSC59984 exploits intracellular ROS to induce
mutant p53 degradation and to restore p53 pathway signaling spe-
cifically via an ROS-ERK2-MDM2 axis. Furthermore, themutant p53-
degrading small-molecule NSC59984 synergizes with ROS-generating
agents to suppress tumor growth. Thus, therapeutic approaches may
take advantage of high ROS to destabilize mutant p53 to improve
therapeutic efficacy against tumors.

Materials and Methods
Cell lines

SW480 (RRID:CVCL_0546) and HCT116 (RRID:CVCL_0291)
cells which stably express a p53-regulated luciferase reporter were
generated in our laboratory in 2003. HT29 (RRID:CVCL_0320),
MRC5 (RRID:CVCL_0440), WI-38 (RRID:CVCL_0579), DLD-1
(RRID:CVCL_0248), KM12C (RRID:CVCL_9547), SW620 (RRID:
CVCL_0547), BXPC3 (RRID:CVCL_01860), RXF 393 (RRID:
CVCL_1673), SNB19 (RRID:CVCL_0535),U251 (RRID:CVCL_0021),
T98G (RRID:CVCL_0556), BT549 (RRID:CVCL_1092), and
Hop92 (RRID:CVCL_1286) were obtained from ATCC and cul-
tured as recommended. Cells with less than 10 passages since
thawing were used in the described experiments. Cells were regu-
larly authenticated by bioluminescence, growth, and morphologic
observation. Mycoplasma detection was routinely conducted with
a PCR-based test using a Universal Mycoplasma Detection Kit
(catalog no. 30-1012K, ATCC). All cell lines tested and used were
Mycoplasma negative.

Reagents and antibodies
U0126 (catalog no. 9903) and PD98059 (catalog no. 9900) were

purchased from Cell Signaling Technology. N-acetyl-cysteine (NAC,
catalog no. A7250), L-buthionine-S, R-sulfoximine (BSO, catalog no.
B2515), and EGF (catalog no. E9644) were purchased from Sigma.
SB203580 (catalog no. S1076) was purchased from Selleck chemicals.
SP600125 (catalog no. sc-200635) was purchased from Santa Cruz

Biotechnology. VX-11e (catalog no. A3931) and SCH772984 (catalog
no. A3805) were purchased from ApexBio, Z-VAD-FMK (catalog no.
FMK001) was purchased from R&D Systems. NSC59984 was synthe-
sized by Provid Pharmaceuticals Inc.

Anti-p53 (DO-1, catalog no. sc-126), anti-Ras (F234, catalog no. sc-
30), and anti-MDM2 (SMP14, catalog no. sc-965) were purchased
from Santa Cruz Biotechnology. Anti-p21(Ab-1, catalog no. OP64)
and anti-Noxa (catalog no. OP180) were purchased from EMD
Millipore. Anti-Ki67 (MIB-1, catalog no. IR626) was from DAKO.
Anti-p73 (catalog no. A300-126A) was purchased from Bethyl Lab-
oratories. The following antibodieswere purchased fromCell Signaling
Technology: anti-ERK1/2 (catalog no. 9102S), anti-phospho-ERK1/2
(thr202/tyr204, catalog no. 4370), anti-MEK (catalog no.9122), anti-
Phospho-MEK1 (S217/211, catalog no. 9121), anti-Phospho-c-Jun
(ser63, catalog no. 9261), anti-c-Jun (catalog no. 9165), anti-GFP
(catalog no. 2555), anti-B-Raf (catalog no. 14814), anti-C-Raf (catalog
no. 9422), anti-Phospho-MDM2 (ser166, catalog no. 3521), anti-
cleaved PARP (catalog no. 9546), anti-RSK1-3 (catalog no. 9355), and
anti-Phospho-P90RSK (ser380, catalog no. 12032). Anti-cleaved
caspase 3 (catalog no. 559565) was purchased from BD Pharmingen.

siRNA#1 targeting ERK2 (s11138, catalog no. 4390824), siRNA#2
targeting ERK2 (s11139, catalog no. 4390824), siRNA#1 targeting
MDM2 (s8628, no. 4390824), siRNA#2 targeting MDM2 (s8630,
catalog no. 4390824), siRNA#2 targeting ERK1(s11140, catalog no.
4390824), and siRNA#2 targeting Ras (s7939, catalog no. 4390824)
were purchased from Ambion. siRNA#1 targeting ERK1 (catalog no.
6436) were purchased from Cell Signaling Technology. siRNA#1
targeting Ras (catalog no. sc-35731), siRNA targeting C-Raf (catalog
no. sc-29462), and siRNAs targeting B-Raf (catalog no. sc-36368) were
purchased from Santa Cruz Biotechnology.

Immunoprecipitation
Briefly, 500 mg of cell lysate were incubated with 2 mg of antibody

overnight at 4�C, then, mixed with 25 mL of protein A-Sepharose 6MB
beads (GE healthcare, catalog no. 17-0469-01). The immunoprecipi-
tated proteins were eluted from protein A-Sepharose beads by boiling
with 2� sample buffer (Invitrogen, catalog no. NP0007) and subjected
to SDS-PAGE.

Chromatin immunoprecipitation-PCR assay
Chromatin immunoprecipitation (ChIP) was performed according

to the protocol of Upstate Biotechnology with slight modifications.
Briefly, 2 � 106 cells were fixed with 1% formaldehyde in PBS for 10
minutes to cross-link chromatin, followed with sonication which
sheared cross-linked DNA fragments to 200 and 1,000 bp in length.
The sonicated chromatins were incubated with 3 mg of anti-p73
antibody (Bethyl Laboratories, catalog no. A300-126A) at 4�C over-
night, and 50 mL of packed salmon sperm DNA/protein A-Sepharose
beads at 4�C for 3 hours. The precipitated beads were washed with
different washing buffers according to the protocol. ChIP-eluted DNA

Figure 2.
ROS is required for NSC59984-induced mutant p53 degradation through ERK2. A, The expression of mutant p53 at the protein level in SW480 cells treated with
NSC59984 (mmol/L) andNAC (mmol/L) for 16 hours.B, The expression ofmutant p53 at the protein level in SW480 cancer cells treatedwithNSC59984 (mmol/L) and
U0126 (10 mmol/L) or Sorafenib (32 mmol/L) for 16 hours. C, The expression of mutant p53, p21, and noxa at the protein levels in SW480 cancer cells treated with
NSC59984 (mmol/L) andERK1/2 inhibitor, SCH772984 (SCH, 1mmol/L) orVX-11e (5mmol/L) for 16 hours.D,Theubiquitination assayby IP in SW480cells. SW480cells
were transfectedwith HA-Ub for 48 hours, followedwith the treatmentwith NSC59984 (mmol/L) andU0126 (10mmol/L) for an additional 8 hours. E, The protein level
ofmutant p53 andp53 targets in SW480cells treatedwithNSC59984 (mmol/L) andSP600125 (10mmol/L) for 16 hours.F,The expressionofmutant p53 at theprotein
level in the cancer cells with knockdown of Ras and ERK2. Ras and ERK2 were knocked down in SW480 cells with siRNA (#1 and #2 for each target), followed by
treatment with NSC59984 (mmol/L) and 20 mmol/L of Z-VAD-FMK for 16 hours. G, The expression of the mutant p53 at the protein level in the ERK1-knockdown
SW480 cells treated with NSC59984 (mmol/L) for 16 hours. ERK1 was knocked down by two siRNAs. H, The expression of the mutant p53 at the protein level in the
Raf-knockdown cancer cells. C-Raf and B-Raf were knocked down in SW480 cells by siRNA, followed with NSC59984 treatment (mmol/L) for 16 hours.
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were reversed and extracted with phenol/chloroform. The eluted DNA
was analyzed by quantitative Real-Time PCR with the following
primers for ChIP (35): Noxa promoter Forward primer: 50-CAG CGT
TTG CAGATGGTC AA-30; Noxa promoter Reverse primer: 50-CCC
CGA AAT TAC TTC CTT ACA AAA-30. P21 promoter Forward
primer: 50-GTG GCT CTG ATT GGC TTT CTG-3; P21 promoter
Reverse primer: 50-CTG AAA ACA GGC AGC CCA AG-30.

Western blot analysis
Equal amount of cell lysates in RIPA buffer (Sigma-Aldrich, catalog

no. R0278) were electrophoresed through 4%–12% SDS-PAGE
(Thermo Fisher Scientific, catalog no. NP0323) then transferred to
polyvinylidene difluoride (PVDF) membranes. The primary antibo-
dies indicated in the figures were incubated with the transferred PVDF
in blocking buffer at 4�C overnight. Antibody binding was detected on
PVDF with appropriate IR Dye-secondary antibodies (LI-COR Bio-
sciences) by the ODYSSEY infrared imaging system or with ECL
Reagent (Thermo Fisher Scientific, catalog no. 32106) chemilumines-
cence reaction with appropriate horseradish peroxidase (HRP)-
conjugated secondary antibodies (Thermo Fisher Scientific, catalog
no. no. 31460 for Goad anti-rabbit IgG and catalog no. 31430 for Goat
anti-mouse IgG) by the Syngene imaging system.

Knockdown of gene expression by siRNA transfection
Cells were transfected with siRNA using lipofectamine 2000 (Life

Technologies, catalog no. 11668-027) or lipofectamine RNAiMAX
(Life Technologies, catalog no. 13778075) as described in the protocol.
Forty-eight hours after transfection, cells were further treated as
indicated in the figures.

FACS analysis
Briefly, cells were fixed with 70% ethanol and stained with propi-

dium iodide, then subjected to analysis by anEpics Eliteflow cytometer
to measure the DNA content of the stained cells.

ROS assay
Cells seeded on 96-well plate were treated with the compounds as

described in the figures for 16 hours. Cellular ROS was detected using
20,70-Dichlorofluorescin diacetate (Sigma-Aldrich, catalog no. D6883)
on 96-well plate by an IVIS imager.

CellTiter-Glo luminescent cell viability assay
Cells were seeded at 4,000 cells/well on 96-well plates and treated as

indicated. Cells were mixed with an equal volume of CellTiter-Glo
reagents (Promega, catalog no. G7572) following the manufacturer’s
protocol, and bioluminescence imaging was performed using an IVIS
imager.

Colony formation assay
A total of 250 cells/well were cultured in 12-well plates and treated

with different compounds for 3 days, then cancer cells were cultured
with drug-free complete medium for 2 weeks with freshmedium being
changed every 3 days. Cells were fixed with 10% formalin and stained
with 0.05% crystal violet at the end of the experiments.

In vivo experiments
All animal experiments were approved by the Institutional Animal

Care and Use Committee of BrownUniversity (Providence, RI). HT29
xenograft tumor were generated in CRL nudemice (female, 4–6 weeks
old) as reported previously (34). Briefly, 2 � 106 cells were implanted
with the same volume of Matrigel (Thermo Fisher Scientific, catalog

no. 354234) subcutaneously in the flanks of nude mice. Three days
later, mice were treated with NSC59984 (75 mg/kg) every 3 days with
or without BSO (100mg/kg) twice a day via intraperitoneally injection
for 2 weeks.

IHC staining
Briefly, the tumor samples were fixed in formalin and embedded in

paraffin, and 8 mm sections were sliced. The tumor sections were
mounted on slides and hydrated. The sections were then incubated
with antibodies mentioned in the figures, and stained with 3,30-diami-
nobenzidine (Thermo Fisher Scientific, catalog no. NC9276270) after
adding HRP-conjugated secondary antibodies (Vector Laboratories,
catalog no. MP-7401-15 or MP-7402). At least 32,000 tumor cells were
screened for calculating H-Score of cleaved-caspase 3 and Ki67 by
VECTRA 2.0 Automated Quantitative Pathology Imaging system and
Inform 2.0 software.

Statistical analysis
All results were obtained from triplicate treatments, unless other

indicated. Statistical analyses were performed (Student t test). Statis-
tical significances were determined by P < 0.05. Combination indices
were calculated using the Chou-Talalay method with CompuSyn
software.

The data generated in this study are available within the article and
its Supplementary Data files.

Results
ROS is required for NSC59984 to induce sustained
phosphorylation of ERK1/2 in cancer cells

ERK1/2 are protein-serine/threonine kinases that play important
roles in regulating cell proliferation and cell death in response to
numerous stimuli including ROS (23). ERK1/2 have been found to
selectively induce protein degradation (31). We sought to investigate
whether ERK1/2 signalingmay be involved in themechanism of action
of NSC59984. We detected a sustained ERK1/2 phosphorylation in
different types of cancer cells regardless of p53 status in a dose-
dependent manner at 16 hours of continuous NSC59984 treatment
(Fig. 1A), but not in normal human fibroblast cells,MRC-5 andWI-38
(Supplementary Fig. S1). NSC59984 induced ERK1/2 phosphorylation
as early as 30 minutes, and the phosphorylation gradually increased in
a dose- and time-dependent manner in SW480 cancer cells (Fig. 1B).
The NSC59984-sustained ERK1/2 phosphorylation was suppressed by
N-acetyl-cysteine (NAC) in the cancer cells (Fig. 1C). NAC treatment
also abrogated the effects of NSC59984 on the phosphorylation of
MEK1/2, a component upstream of ERK1/2 in the cancer cells
(Fig. 1C). NAC is a scavenger of ROS, and reduced ROS products
in cancer cells (Supplementary Fig. S2A). Taken together, these results
suggest that ROS is required for the NSC59884-sustained ERK1/2
phosphorylation.

We further investigated whether NSC59984 induces ERK1/2 phos-
phorylation through a ROS-Ras-Raf-MEK axis.We knocked down the
gene expression of Ras or Raf using siRNA or inhibited the kinase
activity of C-Raf and B-Raf using sorafenib, the inhibitor of tyrosine
kinases including PDGFR and Raf. Ras expression was knocked down
by two siRNA (siRNA #1 and siRNA#2) in cancer cells, Both siRNA#1
and siRNA#2 showed that the knockdown of Ras blocked the phos-
phorylation of ERK1/2 and MEK1/2 in the cells treated with
NSC59984 (Fig. 1D). The knockdown of C-Raf or B-Raf did not
block the NSC59984-induced phosphorylation of ERK1/2 in cancer
cells (Fig. 1E). Similar results were observed in the cells treated with
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Figure 3.

NSC59984 induces MDM2-dependent mutant p53 degradation. A, Phosphorylation of MDM2 at ser166 in SW480 cells treated with NSC59984 (mmol/L) and U0126
(mmol/L) for 16 hours.B,PhosphorylationofMDM2at ser166 in cellswith knockdownof ERK2. TheERK2was knockeddownby two siRNAs (#1 and#2) in SW480cells.
The cellswere treatedwithNSC59984 (mmol/L) for 16 hours.C,Theexpressionofmutant p53 at the protein level in the cellswith knockdownofMDM2. TheMDM2was
knocked downwith siRNA (#1 or #2) in SW480 cells. The cells were treated with NSC59984 (micromole/L) for 16 hours.D, The IP assay in SW480 cells. SW480 cells
were treated with NCC59984 (mmol/L) and H2O2 (mmol/L) for 8 hours. E, The IP assay in HT29 cells. HT29 cells were treated with NCC59984 (mmol/L) and H2O2

(mmol/L) for 8 hours. F, The schematic of the mechanism of action of NSC59984 on mutant p53 degradation via an ROS-ERK2-MDM2 axis.
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sorafenib (Fig. 1F). These results suggest that NSC59984 induces
ERK1/2 phosphorylation independent of C-Raf and B-Raf through
ROS-Ras. The treatment with U0126, a MEK inhibitor dramatically
blocked the NSC59984-mediated ERK1/2 phosphorylation in SW480
cancer cells (Fig. 1F), suggesting that NSC59984-induced ERK1/2
phosphorylation depends on MEK1/2.

On the basis of these findings, we propose that NSC59984 takes
advantage of high levels of ROS in cancer cells to strengthen ERK2
signaling in an MEK1-dependent manner partially through the ROS-
Ras-MEK axis.

Cellular ROS is required for NSC59984-induced mutant p53
degradation through ERK2

Stabilization of mutant p53 is associated with oxidative stresses in
cancer cells (8). We investigated the effects of ROS on NSC59984-
inducedmutant p53 degradation. The NAC treatment rescuedmutant
p53 protein from NSC59984-induced degradation (Fig. 2A), suggest-
ing that ROS is required for NSC59984 to reduce mutant p53
expression.

We further investigated whether the NSC59984-induced reduction
of mutant p53 is mediated through the sustained ERK1/2 activation.
The ERK1/2 signaling pathway was blocked by U0126 treatment,
ERK1/2 inhibitors (VX-11e or SCH772984) or knockdown of ERK1/2
expression with siRNA. The treatment with U0126, a MEK1/2
inhibitor, rescued the mutant p53 protein in the cells treated with
NSC59984 (Fig. 2B). Similar to MEK1/2 inhibitor, the ERK1/2
inhibitors, VX-11e and SCH772984 blocked NSC59984-induced
reduction of mutant p53 in cells (Fig. 2C). Furthermore, U0126
treatment reduced the ubiquitination of mutant p53 from the
NSC59984 treatment in the cancer cells (Fig. 2D). These results
suggest that NSC59984 induces ERK1/2-dependent mutant p53
degradation in cancer cells. We further investigated whether JNK,
one of the pathways regulated by ROS, is required for NSC59984 to
induce mutant p53 protein degradation. The treatment with
SP600125, a JNK inhibitor failed to block the NSC59984-induced
reduction of mutant p53 protein (Fig. 2E), suggesting that JNK
pathway is not required for theNSC59984-induced decrease ofmutant
p53 protein.

To clarify which one, ERK1 or ERK2 is required for NSC59984 to
decrease mutant p53 protein, we knocked down ERK2 or ERK1
individually in the cancer cells by transient transfection with siRNA.
ERK2 expression was knocked down by duplicate siRNA (siRNA#1
and siRNA#2). Both siRNA#1 and siRNA#2 specifically knocked
down ERK2 expression in cells. The silencing of ERK2 expression by
both siRNA #1 and siRNA #2 rescuedmutant p53 from the NSC59984
treatment (Fig. 2F), but the knockdown of ERK1 did not. As shown

in Fig. 2G, ERK1 expression was knocked down by two siRNAs
(siRNA#1 and siRNA#2) specifically targeting ERK1. Both siRNA#1
and siRNA#2 showed that NSC59984 reduced mutant p53 protein in
the ERK1-silenced cells (Fig. 2G). These results suggest that
NSC59984-sustained phosphorylation of ERK2 is a major regulator
required for NSC59984 to induce mutant p53 protein degradation in
cancer cells.

Mutant p53 is stabilized because of tumor-associated stresses caused
by mutant Ras in cancer cells (4, 8). Given the requirement of Ras for
the NSC59984-sustained ERK2 phosphorylation in cancer cells
(Fig. 1D), we further examined themutant p53 protein level in SW480
cells by knocking down Ras. Ras expression was knocked down by two
siRNAs (siRNA#1 and siRNA#2). As shown inFig. 2F, silencing of Ras
gene expression by both siRNA#1 and siRNA #2 partially blocked
NSC59984 (25mmol/L)-induced reduction ofmutant p53 protein. The
amount of mutant p53 rescued by the knockdown of Ras is less than
that rescued by the knockdown of ERK2. The cleaved PARP was
increased by 50 mmol/L of NSC59984 in the cells transfected with
siRNA#2, suggesting cell death occurred. To avoid the possible effect of
cell death on the mutant p53 protein degradation in these cells with
knockdown of Ras by siRNA-#2, the cells were treated with Z-VAD-
FMK, a pan-caspase inhibitor to block cellular apoptosis. NSC59984
reduced mutant p53 protein in the cells treated with Z-VAD-FMK,
whereas knockdown of Ras partially rescued the mutant p53 protein
from the NSC59984 treatment (Fig. 2F). Sorafenib, a Raf kinase
inhibitor was not found to recover mutant p53 protein from the
NSC59984-induced reduction (Fig. 2B). Consistent with the sorafenib
experiment, the knockdown ofC-Raf or B-Raf could not rescuemutant
p53 from NSC59984-induced protein degradation in cancer cells
(Fig. 2H).

These results taken together indicate that NSC59984 induces mutant
p53 protein degradation mainly via ERK2 in a ROS-Ras-MEK-ERK2
axis in cancer cells.

NSC59984 induces mutant p53 protein degradation through
ERK2-dependent MDM2 activation

We previously reported that NSC59984 inducedMDM2 phosphor-
ylation at ser166 (34). Therefore, we investigated the effect of ERK2 on
the phosphorylation of MDM2. U0126 treatment blocked NSC59984-
mediated phosphorylation of MDM2 at ser166 (Fig. 3A). We further
knocked downERK2 expression using two siRNAs. Both siRNA#1 and
siRNA#1 specifically silenced ERK2 expression in cells. Both siRNA#
and siRNA#2 showed that the knockdown of ERK2 expression inhib-
ited NSC59984-mediated phosphorylation of MDM2 at ser166
(Fig. 3B). We also knocked down ERK1 using two siRNAs. Both
siRNA#1 and siRNA#2 showed that the knockdown of ERK1 did not

Figure 4.
ROS is required for NSC59984 to restore p53 pathway signaling through ERK2. A, The protein level of mutant p53 and p53 targets in HT29 cells following treatment
with NSC59984 (mmol/L) in combinationwith NAC (10mmol/L) or BSO (10 mmol/L) for 16 hours.B, p53-responsive reporter bioluminescence in SW480 cells treated
with NSC59984 (mmol/L) and NAC (10mmol/L) for 16 hours.C, p53-responsive reporter bioluminescence in SW480 cells treated with NSC59984 (mmol/L) and BSO
(10mmol/L) for 16 hours.D, The expression ofmutant p53 andp53 targets at the protein level in SW480 cells treatedwithNSC59984 (mmol/L) andU0126 (10mmol/L)
for 16 hours. E, The protein level of mutant p53 and p53 targets in RXF393 cancer cells carryingmutant p53 (R175H). The cells were treatedwith NSC59984 (mmol/L)
and U0126 (10 mmol/L) or BSO (20 mmol/L) for 16 hours. F, The expression of mutant p53 and p53 targets at the protein levels in HT29 cells treated with NSC59984
(mmol/L) and ERK1/2 inhibitor SCH772984 (1 mmol/L) or VX-11e (5 mmol/L) for 16 hours. G, The p53-responsive reporter bioluminescence assay in SW480 cells with
the overexpression of Ad-p73. p73 was overexpressed in SW480 cells by adenovirus (Ad-p73) infection. The cells were treatedwith NSC59984 (mmol/L) and U0126
(10 mmol/L) or SP600125 (10 mmol/L) for 16 hours. Data represent mean � SD. � , P < 0.05 compared with the NSC59984 treatment at each dosage. H, The Ad-p73
expressed protein levels in the cells with the adenovirus infection (G). I, ChIP-PCR assay. p73 was overexpressed in HT29 with adenovirus infection. Following
treatment with NSC59984 (mmol/L) and U0126 (mmol/L) for 7 hours. ChIP assay was performed with anti-P73 and IgG as a control. The p21 or Noxa promoters were
quantified by real-time PCR using the ChIP-eluted DNA. Data were normalized to the ChIP with anti-p73 in the cells treated with DMSO treatment as a control. Data
represent mean � SD, N ¼ 2. ANOVA test, P < 0.05. J, P21 and Noxa at the protein level in HT29 cells by Western blot assay (I).
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block the NSC59984-mediated phosphorylation of MDM2 (Fig. 2G).
These results suggest that NSC59984 induces ERK2-dependent phos-
phorylation of MDM2 at ser166 in cancer cells.

MDM2 has been found to be associated with mutant-p53 protein
degradation (13, 14).We then examined the role ofMDM2 in the effect
of NSC59984 on mutant p53 degradation. The knockdown of MDM2
blocked NSC59984-mediated downregulation of mutant p53 in the
cancer cells (Fig. 3C). This result is consistent with our previous report
that Nutiln, an inhibitor of MDM2 abrogated NSC59984-mediated
mutant p53 protein degradation (34). These results suggest that
MDM2 is required for NSC59984 to decrease mutant p53 protein in
cancer cells.We further performed an immunoprecipitation (IP) assay
and found that NSC59984 treatment enhanced the phosphorylated
MDM2 (ser166) binding tomutant p53 (Fig. 3D andE) in cancer cells.
To investigate the effect of ROS levels on theMDM2binding tomutant
p53, the cells were treated with H2O2. We found that there was more
phosphorylated-MDM2 bound to mutant p53 in the cells treated with
H2O2 in combination with NSC59984 as compared with the
NSC59984 treatment alone (Fig. 3D and E). These results taken
together suggest that NSC59984 induces mutant p53 degradation via
activation of MDM2 through a ROS-ERK2-MDM2 axis, and high
levels of ROS enhance the efficacy of NSC59984-induced MDM2
binding to mutant p53 (Fig. 3F).

NSC5998 restores p53 pathway signaling through a ROS-ERK2
axis in p53-mutant cancer cells

We previously reported that NSC59984-induced restoration of p53
pathway signaling correlates with the mutant p53 protein degradation
in cancer cells (34).We further investigated the role of ROS in the effect
of NSC59984 on p53 pathway signaling in mutant p53-expressing
cancer cells. NAC treatment blocked NSC59984-mediated p53 path-
way signaling based on the p53 targets (such as p21 and Noxa) at the
protein level (Fig. 4A) and p53-responsive bioluminescence reporter
assay (Fig. 4B). To increase the cellular ROS, cells were treated with
BSO, a ROS-generating agent (Supplementary Fig. S2B). BSO treat-
ment further elevated ERK1/2 phosphorylation, and substantially
reduced mutant p53 protein expression in combination with
NSC59984 in cancer cells carrying different p53 mutations (Fig. 4A
and E). We also observed a significant increase in p53 targets and the
p53-responsive reporter activity in the cancer cells in response to
NSC59984 in combination with BSO (Fig. 4A,C, and E). These results
suggest that ROS is required for NSC59984 to restore p53 pathway
signaling correlated to themutant p53 degradation. High levels of ROS
enhance the efficacy of NS59984 in targeting mutant p53 degradation
and in restoration of p53 pathway signaling.

We further investigated the effect of the NSC59984-sustained ERK2
phosphorylation on the restoration of p53 signaling in cancer cells. The
NSC59984-induced p53 targets (such as p21 and Noxa) and p53-
responsive reporter bioluminescence were inhibited by the U0126

treatment in the cancer cells carrying different p53 mutations
(Fig. 4D, E, andG). Consistent with these observations, the treatment
with the ERK1/2 inhibitor, (SCH772984 or VX-11e) blocked the
NSC59984-induced p21 and Noxa gene expression in different cancer
cells (Figs. 4F and 2C). In contrast to the ERK1/2 blockade, the
inhibition of JNK failed to abrogate the effect of NSC59984 on the
restoration of the p53 (Figs. 2E and 4G).

We previously reported that NSC59984 restores p53 pathway
signaling via p73 (34). We investigated the effect of ERK2 on p73-
mediated p53 pathway restoration. p73 was overexpressed in cancer
cells with adenovirus infection. The effect of NSC59984 on p53-
responsive reporter bioluminescence was significantly blocked by
U0126, but not by the JNK inhibitor, in the p73 overexpressing cancer
cells (Fig. 4G and H). Consistently, the p53 targets such as p21 and
Noxa were reduced at the protein level by U0126 treatment in the p73-
overexpressing cancer cells (Fig. 4J). Furthermore, ChIP-PCR assay
showed that NSC59984 increased the p73 binding to the p21 andNoxa
promoters, and these effects were partially inhibited by U0126 treat-
ment (Fig. 4I). These results taken together suggest that the sustained
ERK2 phosphorylation is selectively required for NSC59984-induced
restoration of p53 signal via p73.

NSC59984 induces ERK2-dependent cell death in cancer cells
Given the requirement of ROS for NSC59984-sustained ERK2

phosphorylation and the mutant p53 degradation in cancer cells
(Fig. 2), we further tested the effect of ROS on NSC59984-induced
cell death. We observed that NAC treatment significantly blocked
the suppressive effect of NSC59984 on colony formation in mutant
p53-expressing colorectal cancer cells (Fig. 5A and B).These results
suggest that cellular ROS is necessary for NSC59984 to induce cancer
cell death.

We further investigated the role of ERK2 activation in NSC59984-
induced cell death. To address this issue, ERK1/2 signalingwas blocked
byMEK1/2 inhibitor U0126 or ERK1/2 inhibitor SCH772984 andVX-
11e in different cancer cell lines. U0126 treatment reduced the
percentage of sub-G1 DNA and the amount of cleaved-PARP in
SW480 and DLD-1 cells treated with NSC59984 (Fig. 5C and D).
The treatment with the ERK1/2 inhibitor, SCH772984 or VX-11e
abrogated the NSC59984-induced PARP cleavage in different cancer
cells (Fig. 5E). We further performed a colony formation assay in
HT29 and DLD1 cancer cells. The results in these two cell lines are
consistent. NSC59984 reduced cell colony formation in HT29 and
DLD-1 in a dose-dependent manner. The inhibitory effect of
NSC59984 on cell colony formation was blocked by U0126, an
MEK1/2 inhibitor. The same results were observed in HT29 and
DLD1 cells treated with ERK1/2 inhibitors SCH772984 and Vx-11e,
except that VX-11e treatment alone reduced colony formation in
DLD-1 cells (Fig. 5F and G). There were more colonies formed in
HT29 andDLD-1 cells treatedwithNSC59984 and SCH772984 orVX-

Figure 5.
NSC59984 induces ERK2-dependent cell death inmutant p53-expressing cancer cells.A,Colony formation in HT29 cancer cells upon NSC59984 (mmol/L) treatment
in combination with NAC (10 mmol/L) as described in the Materials and Methods. B, The relative number of the colonies (A). C, Sub-G1 flow cytometric analysis
in different cancer cells treated with NSC59984 (mmol/L) and U0126 (10 mmol/L) for 72 hours. Data were obtained from two independent experiments. � , P < 0.05.
D, Cleaved-PARP in SW480, DLD-1, and HCT116 cells treated with NSC59984 (mmol/L) and 10 mmol/L of U0126 for 36 hours. The cleaved-PARP was examined by
Western blot analysis. E,Cleaved-PARP inHop92 cells (left) and SW480 cells (right) treatedwith NSC59984 (mmol/L) andU0126 (10mmol/L), SCH772984 (1mmol/L)
or VX-11e (5 mmol/L) for 36 hours. The cleaved-PARPwas examined byWestern blot analysis. F, The colony formation in HT29 cells.G, The colony formation in DLD-1
cells. The cells (F andG)were treatedwithNSC59984 (mmol/L) andU0126 (10mmol/L), SCH772984 (SCH,1mmol/L) or VX-11e (5mmol/L). Thepercentages of colonies
(B,F, andG)were obtainedwithDMSO treatment. Data representmean�SD from triplicate treatments. � ,P<0.05.H,The cell-cycle profiles of SW480andHT29cells
treatedwithNSC59984 (mmol/L) in combinationwith Z-VAD-FMK (20mmol/L) for 72 hours. I,Cell viability assay. Cancer cellswere treatedwithNSC59984 (mmol/L)
in the presence or absence of ZVAD-FMK (30mmol/L) for 72 hours. Cell viabilitywas determinedbyCell Titer-Glo luminescence. Cell viability datawere normalized to
those of DMSO as a control. Data represent mean � SD. � , P < 0.05 compared with the NSC59984 treatment at each dosage.
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11e as compared with NSC59984 treatment alone (Fig. 5F and G). In
contrast, the U0126 treatment could not significantly recover HCT116
cells from sub-G1, and only slightly blocked the PARP cleavage
induced by NSC59984 at the tested doses (Fig. 5C and D).

To test whether the cell death induced by NSC59984 is due to
cellular apoptosis, cells were treated Z-VAD-FMK, a pan-caspase
inhibitor. Z-VAD-FMK treatment inhibited NSC59984-induced
sub-G1 DNA content (Fig. 5H), suggesting that NSC59984 induces
apoptosis. To determine whether NSC59984-induced apoptosis is
important for the growth inhibitory effects of NSC59984, we per-
formed a cell viability assay in cancer cells treated with NSC59984 in
the presence or absence of Z-VAD-FMK. NSC59984 significantly
reduced cell viability, with a diminished reduction in the presence of
Z-VAD-FMK treatment in the cancer cells (Fig. 5I). These results
using a pan-caspase inhibitor suggest that NSC59984-induced cell
growth inhibition can be attenuated through caspase blockade and are
consistent with other data with NSC59984 that apoptosis is one of the
important mechanisms by which NSC59984 suppresses cancer
growth. NSC59984-mediated G2–M arrest was still observed in the
cells treated with Z-VAD-FMK (Fig. 5H). The G2–M arrest may
partially contribute to the reduction of cell viability in the cells treated
with NSC59984 in the presence of Z-VAD-FMK.

On the basis of these observations, we conclude that the ERK2
phosphorylation is required for NSC59984 to induce cell death in
mutant p53-expressing colorectal cancer cells.

NSC59984 synergizes with ROS-generating agents to induce
cell death in mutant p53-expressing colorectal cancer cells

Targeting ROS by increasing its products is one of the promising
strategies for cancer therapy owing to high intrinsic oxidative stresses
in cancer cells (36). Given the requirement of ROS for NSC59984 to
induce ERK2-dependent p53 restoration and mutant p53 degradation
(Figs. 2 and 4), we further investigated whether combination of
NSC59984 and ROS-generating agents synergistically suppresses
tumor growth. A synergy between NSC59984 and BSO was observed
in the colorectal cancer cells, but not in the normal cells at the tested
doses (Fig. 6A; Supplementary Table S1). The combination of BSO
andNSC59984 increased the sub-G1DNAcontent and reduced colony
formation (Fig. 6B and C). These results were further supported with
the observation of PARP cleavage in the different cancer cells (Fig. 6D;
Supplementary Fig. S4).

We further performed a combination of NSC59984 and BSO in vivo
experiment using an aggressive HT29 CRC xenograft. As shown
in Fig. 6E, NSC59984 in combination with BSO significantly sup-
pressed tumor growth as compared with single-agent treatment, in
agreement with our in vitro data (Fig. 6A–D; Supplementary Fig. S4).
The combination of NSC59984 and BSO significantly increased the
index of cleaved-caspase 3 and reduced Ki67 index in the xenograft as
compared with NSC59984 treatment alone (Fig. 6F–I). We further

detected a substantial increase in caspase 3 activity in the cancer cells
treated with NSC59984 in combination with BSO (Fig. 6J), further
validating the observations of cleaved caspase 3 in vivo. We further
examined the mutant p53 expression level in the xenografted tumors.
The IHC shows that the staining ofmutant p53 is weaker in the tumors
treated with NSC59984 or the combinational treatment of NSC59984
and BSO than in the tumors without NSC59984 treatment as a control
(Fig. 6K), suggesting a decrease of mutant p53 at the protein level by
NSC59984 in vivo. The reduction of mutant p53 is correlated to the
high index of cleaved caspase 3 and low index of ki67 in the xeno-
grafted tumors treated with NSC59984 and the combinatorial treat-
ment (Fig. 6G–I).

Discussion
Accumulating reports show an increase in ROS level in response to

mutant p53-degrading small molecules in cancer cells (19–21). How-
ever, oxidative stress is associated with stabilization of mutant p53 in
cancer cells (4, 8, 9). Little is known about themolecularmechanism of
ROS related to the induction of mutant p53 degradation. This paradox
promoted us to investigate the effect of ROS on small molecule–
induced mutant p53 degradation in cancer cells. We for the first time
demonstrate that a ROS-ERK2-MDM2 axis is inducible with small-
molecule NSC59984 in cancer cells. NSC59984 takes advantage of high
cellular ROS to increase ERK2 signaling and induce ERK2-dependent
MDM2phosphorylation. Small-moleculeNSC59984 further enhances
the phosphorylatedMDM2 binding to mutant p53 under high cellular
ROS levels, leading to mutant p53 protein degradation through
MDM2-mediated ubiquitination. Our study about NSC59984 pro-
poses that the activation of a ROS-ERK2-MDM2 axis exposes a
vulnerability in mutant p53 stabilization that can be exploited to
induce mutant p53 protein degradation.

ERK2 signaling is commonly altered or inappropriately activated in
cancer cells due to different cellular stresses including high cellular
ROS (24, 37). ERK2 is transiently phosphorylated via the balance
between the Ras/Raf/MEK1/ERK2 kinase cascades and various neg-
ative feedback loops in response to the external stimuli (38). In contrast
to the transiently phosphorylation form, NSC59984-induced phos-
phorylation of ERK2 is constitutively increased and sustained via
MEK1. ROS can activate Ras-Raf-MEK-ERK1/2 pathway via oxidative
modifications of the intracellular components upstreamof ERK2 (such
as MEK1 or/and Ras) or MKP1 (26, 39). The Ras and MEK1/2 play a
major role in regulation of ERK1/2 signaling in response toROS in cells
treated withNSC59984 (Fig. 1). However, NSC59984 sustains ERK1/2
phosphorylation via MEK1/2 independent of B-Raf and C-Raf. These
results suggest that other components downstream of ROS-Ras acti-
vate the MEK1/2-ERK1/2 cascades in response to NSC59984 treat-
ment in cells. The molecular mechanism by which NSC59984 sustains
ERK2 phosphorylation will be investigated in the future.

Figure 6.
NSC59984 in combinationwith BSO suppresses tumor growth.A,Cell viability of SW480 and normalWI-38 cells treatedwith NSC59984 (mmol/L) andBSO (mmol/L)
for 72 hours.B, The cell-cycle profiles of SW480 cells treatedwith NSC59984 (mmol/L) in combinationwith NAC (10mmol/L) or BSO (10 mmol/L) for 72 hours.C, The
colony formation in HT29 cancer cells uponNSC59984 treatment in combinationwith BSO (5mmol/L) as described in theMaterials andMethods.D,Cleaved-PARP in
SW480 cells treated with NSC59984 (mmol/L) and BSO (10 mmol/L) for 36 hours. E, Tumor volumes of HT29 xenografts in mice (n ¼ 8). Tumor volumes were
measured by a caliper every 3 days. Data are expressed as mean� SD. � , P < 0.05. F, IHC staining for Ki67 in HT29 xenografted colorectal cancer tumors. G, The H-
Score of Ki67 in HT29 xenograft tumors. H, IHC staining for cleaved-caspase 3 in HT29 xenograft tumors. I, The H-Score of cleaved caspase 3 in HT29 xenograft
tumors. The H-Score (G and I) was calculated and analysis with VECTRA 2.0 as described in theMaterials andMethods. J,Caspase 3/7 activity assays in SW480 cells.
The cells were treated with NSC5994 (25 mmol/L) and BSO (10 mmol/L) for 30 hours for the caspase assay and 72 hours for the cell viability assay. The caspase 3/7
activity was normalized to the DMSO treatment as control. The cell viability was normalized to the cells treatedwith DMSO as control. Data are expressed as mean�
SD. � , P < 0.05. K, IHC staining for mutant p53 in HT29 xenografted tumors. The relative mutant p53 protein level was analyzed by image J and normalized to the
nontreatment control. Data are expressed as mean � SD. � , P < 0.05.
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There are diverse signaling pathways related to Ras-MEK-ERK
kinase cascades upon increased ROS (40). However, our results
demonstrate that NSC59984 induces mutant p53 degradation and
p53 pathway restoration specifically and mainly via ERK2 activation
upon increased ROS in cancer cells (Fig. 2). Persistent ERK2 phos-
phorylation has been reported with multiple chemotherapies such as
treatment with doxorubicin or cisplatin (26). Unlike NSC59984
treatment, treatment with doxorubicin or cisplatin cannot decrease
mutant p53 protein in cancer cells in the context of persistent ERK2
phosphorylation (Supplementary Fig. S3A), in agreement with the
previous reports (8). ROS-generating agents BSO and H2O2 could not
reduce mutant p53 protein in cancer cells at the tested doses
(Supplementary Fig. S3B and S3C), but enhanced the efficacy of
NSC59984-induced mutant p53 degradation (Fig. 3). On the basis
of these observations, we hypothesize that the sustained ERK2 phos-
phorylation may “prime” mutant p53 protein degradation (Fig. 3F).
ERK2 activation has been reported to phosphorylate protein targets
and induce selective protein degradation during cellular senes-
cence (31). Protein posttranslational modifications mediated by ERK2
might “prime” mutant p53 destabilization. Indeed, we found ERK2-
dependent MDM2 phosphorylation at ser166 (Fig. 3). MDM2 phos-
phorylation at ser166 has been reported to confer wild-type p53
protein degradation (33). Importantly, we found that NSC59984
enhanced the phosphorylated MDM2 binding to mutant p53 (Fig. 3).
Although BSO and H2O2 increase cellular ROS, we could not detect
either the interaction between phosphorylatedMDM2andmutant p53
or the reduction ofmutant p53 protein under such a high cellular ROS.
The activation of a ROS-ERK2-MDM2 axis may render the vulner-
ability ofmutant p53 stabilization forNSC59984 to target degradation.
As we observed, the higher the level of ROS, the more phosphorylated
MDM2 was induced to bind to mutant p53 by NSC59984 (Fig. 3D
and E), suggesting that this vulnerability is exploited by NSC59984 to
induce mutant p53 degradation via activation of the ROS-ERK2-
MDM2 axis. In addition, ROS may also be involved in mutant p53
protein oxidative modifications. ROS results in oxidative modifica-
tions of proteins which are degraded viamultiplemechanisms (includ-
ing via the proteasome) based on the strength and duration of
ROS (41). Similar to wild-type p53, mutant p53 has thiol groups that
can bemodified by ROS (22). The requirement of ROS for NSC59984-
induced mutant p53 degradation raises another possibility that
NSC59984 may mediate mutant p53 structure modifications with
ROS which might be susceptible to the mutant p53 binding to MDM2
for further ubiquitination. It also remains unclear whether NSC59984
induces mutant p53 binding to phosphorylated-MDM2 directly or
indirectly. The chemical structure suggests that NSC59984 is a reactive
covalent compound. Covalent drugs form covalent complexes with
different proteins. Therefore, we suspect that NSC59984 may react
with different proteins in addition to mutant p53, and cellular effects
including effects on p53 protein expression are likely indirect and
independent of any unproven interaction between NSC59984 and
mutant p53 or any other cellular protein. Identification of cellular
targets of NSC59984 as part of its further development may be
warranted in future studies. Importantly, the screen that identified
NSC59984 was a phenotypic cell-based screen looking for induction of
p53 pathway–mediated reporter activity. Such functional screens do
not typically yield p53-interacting compounds in the mediation of
restored p53 pathway transcriptional activity. In fact, NSC59984
appears to require p73 for its functional activation of p53 pathway
target genes and for its antitumor activity. Other compounds we have
identified over the years through the functional cell-based phenotypic
screen, such as PG3-Oc, or CB002 xanthine analogs, appear to induce

an integrated stress response in tumor cells that upregulates pro-
apoptotic target genes that are also regulated by p53 andwhichmediate
cell death and antitumor effects (42, 43).

Mutant p53 GOF proteins can bind and inactivate p73 in cancer
cells (44). Targeting p73 is one of the promising strategies bypassing
restoration ofwild type functions tomutant p53 in cancer therapy (45).
Our laboratory has beenworking on smallmolecules targeting p73 and
reported that p73 can be activated by small molecules via induction of
p73 expression or interruption of p73 interaction with mutant
p53 (46–48). In this study, we explored a new strategy for releasing
p73 from the mutant p53 inhibitory complex by depleting mutant
p53 using small-molecule NSC59984. The correlation between the
mutant p53 degradation and the p73 activation supports the possibility
that p73 most likely is released from the mutant p53 inhibitory
complex due to the NSC59984-mediated mutant p53 degradation. It
is also well known that p73 activity is regulated through a complex
mechanism such as posttranslational modifications and protein–
protein interactions (49). We observed that inhibition of ERK2
signaling partially blocked the p73 binding to the p21 and Noxa
promoters and the gene expression in cells treated with NSC59984.
These results raise a possibility that the released p73 may be further
stimulated via the sustained ERK2 signaling, and functions as an
activated transcription factor to bind to target promoters and regulate
gene expression.

Cancer cells have higher baseline levels of ROS than normal
cells (36). High cellular ROS may ensure appropriate cell status for
drug treatment selectively in cancer cells (26, 36). NSC59984 targets
cancer cells with high therapeutic index (34), probably due to high
cellular ROS in cancer cells. We found the sustained phosphorylation
of ERK2 in cancer cells, but not in normal cells (Fig. 1; Supplementary
Fig. S1). High ROS sensitizes cancer cells to NSC59984 treatment
including enhancedmutant p53 degradation, p53 pathway restoration
and cell death, which is correlated with the persistent ERK2 phos-
phorylation. Our data support the hypothesis that high levels of ROS
sustain ERK2 phosphorylation beyond a threshold, which induces cell
death in cancer cells (26). The higher ROS levels render mutant p53-
expressing cancer cells vulnerable to NSC59984 treatment to induce
cell death via ERK2 activation in cells, probably due to mutant p53
degradation and consequent restoration of the p53 pathway through
p73. Although the ERK2 blockade rescues most of the mutant p53
protein (Fig. 2), our data reveal thatU0126 treatment cannot complete-
ly prevent cell death induced by NSC59984 (Fig. 5). Therefore, the
possibility cannot be excluded that other signaling pathways related to
ROS may, in part, be involved in NSC59984-induced cells death.

Mutant p53 is one of the major determinants of the tumorigenesis
and tumor development, and cancer cells can be addicted to mutant
p53. Our data show that the depletion ofmutant p53 contributes to the
antitumor effect of NSC59984 at least in part. Howmuch contribution
the reduction of p53 mutant has on the overall antitumor effect for
NSC59984 will be further investigated in more detail in future studies.

Of note, NSC59984 induces ERK2 and acts through ROS to
deplete mutant p53. While NSC59984 may appear to be a weak
antitumor agent, and also may appear to not efficiently degrade
mutant p53, it should be noted that we have not performed a MTD
study to optimize or maximize its antitumor efficacy in preclinical
models, or to maximize its pharmacokinetic or pharmacodynamic
characteristics. Our insights into the role of ERK2 and ROS in the
mechanism of mutant p53 degradation, synergistic interactions
between NSC59984 and ROS-modifying agents, need for MTD/
pharmacokinetic/pharmacodynamic studies, and our observations
through knockdown studies suggesting that mutant p53 reduction is
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relevant to the antitumor effects of NSC59984, together provide a
clear path for drug use optimization.

High intracellular ROS levels and mutant p53 are associated with
poor prognosis of tumors, and contribute to drug resistance in cancer
therapy. Toxicity of high ROS levels limits the application of ROS-
generating agents in the clinic (36). The combination ofNSC59984 and
ROS-generating agents revealed a synergy to induce cell death in the
mutant p53-expressing cancer cells with less toxicity (Fig. 6; Supple-
mentary Table S1; Supplementary Fig. S5). Our data indicate that a
high level of ROS andmutant p53 can be considered as a biomarker for
NSC59984 administration in cancer therapy and warrant further
evaluation of the combination of small molecules targeting mutant
p53 degradation and ROS-generating agents. Our findings suggest that
mutant p53 stabilization represents a vulnerability under high ROS
cellular conditions, which can be exploited by compounds to target
mutant p53 protein degradation through the activation of a ROS-
ERK2-MDM2 axis in cancer cells. These effects on mutant p53
destabilization coupled with restoration of p53 target gene activation
by p53 pathway restoring compounds such as NSC59984 provides a
path forward to bring novel cancer therapeutic candidates for clinical
testing.
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