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Abstract

Tumor suppressor p53 controls cell fate in response to genotoxic and cellular
stress signals through transcriptional activation of genes involved in DNA repair, cell
cycle arrest, cell senescence, and apoptosis. p53 is mutated in over half of human cancers
and this is associated with tumor development and chemotherapy resistance. Mutations in
p53 are mostly found in the DNA-binding domain and they prevent p53 from exerting its
normal tumor suppressive functions. Furthermore, p53 mutations can result in gain-offunction activity, acquiring oncogenic characteristics. Therefore, altering the stability of
mutant p53 protein is an attractive therapeutic strategy in cancer cells. The current project
aims to identify compounds that restore the p53 pathway and modulate mutant p53
protein. Accordingly, we used a luciferase based p53 reporter to screen for small
molecules that restore the p53 pathway in mutant p53-bearing cancer cells. We identified
a small molecule, CB002, as a candidate for restoration of the p53 pathway in mutant
p53-harboring cancer cells.

Colorectal cancer cell lines SW480 and DLD-1 were treated with different
concentrations of CB002 at various time points. Cell lines exposed to CB002 showed an
increase in p53 target gene expression (i.e. NOXA/DR5/P21) and apoptotic cell death
markers (i.e. cleaved caspases and PARP), as early as 16 hrs. Moreover, we showed that
CB002 selectively results in apoptotic cell death in cancer cells and not in WI38 normal
human lung fibroblast cells as indicated by the Sub-G1 content. To explore the
importance of the p53 target genes in apoptotic cell death, we knocked-down DR5 and
NOXA proteins. Stable knockdown of NOXA abolished apoptotic cell death whereas
DR5 did not, indicating that NOXA is required for CB002-mediated cell death. Following
CB002 treatment, we observed an increase in the formation of vacuoles within treated
cells. Thus, NOXA induction together with the formation of vacuoles prompted us to
investigate if autophagy was playing a role in degradation of mutant p53. Autophagy
induction was confirmed by LC3B conversion in cell lysates. CB002 decreased the
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stability of exogenously introduced R175H p53 mutant in p53-null HCT116 and the
endogenous R175H p53 mutant in RXF393 cells. Although blocking autophagy did not
rescue mutant p53 protein expression, induction of autophagy was required for cell death.
We further investigated if CB002 was mediating mutant R175H p53 protein degradation
through the ubiquitin proteasome system. R175H p53 mutant protein expression was
largely rescued by the co-treatment of CB002 with MG132, a proteasomal inhibitor,
implicating a role for the ubiquitin proteasome system. Altogether, our data suggest that
CB002 stimulates apoptosis through the induction of NOXA and targets R175H p53
mutant for degradation through the ubiquitin proteasome system. In addition, induction
of autophagy by CB002 appears to be required for cell death. Hence, our results provide
insight into effective p53 pathway activation through the use of small molecules.
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Chapter 1

Introduction

p53 Transcriptional Activation and its Function in Cellular Regulation

TP53 is a gene located at the short arm of chromosome 17 at position 13.1 that
encodes the tumor suppressor protein p53. This protein, known as “the guardian of the
genome”, ensures the fidelity of DNA replication and controls cell division, thereby
preventing the formation and abnormal growth of cancerous cells. p53 becomes
stimulated upon genotoxic and cellular stress signals such as DNA damage, loss of cell
adhesion, spindle damage, oncogene activation, nutrient deprivation, rNTP depletion, and
hypoxia (1, 2). Ultimately, such stresses lead to p53-mediated transcriptional activation of
genes involved in DNA repair, cell cycle arrest, cell senescence, and apoptosis. Under
these cellular stresses, modifying enzymes like ataxia-telangiectasia mutated (ATM)
protein, ATM and Rad 3-related (ATR), checkpoint kinase 2 (Chk2), AMP-activated
protein kinase (AMPK), among others alter p53 through post-translational modifications
that can ultimately induce p53 protein stabilization, tetramer formation and hence,
activation (2). Currently reported modifications include phosphorylation, methylation,
acetylation, ubiquitination, and sumoylation (3, 4). Each modification results in different
p53 functional modulations. For example, phosphorylation at ser15 by ATM or ATR
results in p53 activation, whereas ubiquitination, and subsequent poly-ubiquitination at
lysine residues target p53 to protein degradation (5, 6, 7). Post-translational modifications
might also trigger other successive modifications by additional protein modifiers that aid
in the amplification of p53 functional activity. For instance, phosphorylation at ser15 can
further cause p53 acetylation by the recruitment of CBP/p300, consequently augmenting
p53 transcriptional activity (8).
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The outcome of p53 signaling pathway activation depends on the type of cellular
stress. In response to genotoxic stresses where the cellular damage can be repaired, p53
transactivates genes of proteins involved in cell cycle arrest and DNA repair. The p53induced cell cycle arrest allows the cell to repair the damage before replicating thus,
preventing potential mutations to be passed to daughter cells. Numerous target genes
have been found to be regulated by p53 biological function. Particularly, p21, a CDK
inhibitor, becomes activated upon DNA damage and oxidative stress, causing a G1 phase
growth arrest (9). In addition, p21 can bind to PCNA and inhibit PCNA activity and
consequent DNA replication (10). GADD45 and 14-3-3σ have also been reported to
become activated in a p53 dependent manner to elicit cell cycle arrest (11, 12). P53
regulates genes involved in different kinds of repair including mismatch repair genes and
nucleotide excision repair genes. When DNA damage is excessive for the cell to repair,
p53 initiates the transcription of genes that mediate senescence or apoptosis to prevent
carcinogenesis. p53 targets that are involved in cell senescence include plasminogen
activator inhibitor-1 (pai-1), and p21, the latter upon treatment of the histone deacetylase
inhibitor sodium butyrate (13, 14). One of the most well studied outcomes of p53 has
been apoptosis, owing to p53’s irreversible capacity to induce programmed cell death.
Among established p53 targets that participate in apoptosis are NOXA, PUMA, DR5, and
Bax. It is important to note that some of the p53 target genes may play a role in other
biological processes in addition to the ones mentioned above. For example, GADD45 has
been shown to be involved in the process of DNA repair. In this scenario, GADD45 binds
to core histones of the damaged DNA resulting in a structural modification that makes the
DNA more accessible for repair (15). In recent years studies have also identified novel
roles of p53 in autophagy and cell metabolism through the expression of damageregulated autophagy modulator (DRAM) and TIGAR, respectively.

In order for a gene to be regulated by p53 it must contain two copies of the
following p53-binding site: 5’-RRRCWWGYYY-3’ where R is a purine, Y is a
pyrimidine, W can be adenine or thymine, G is a guanine, and C is a cytosine (16, 17).
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This p53 responsive element can be located at the promoter, intron or exon of the gene.
p53 can act as a transcriptional activator or repressor depending on the signaling input.
Taken together, p53 integrates a variety of stress signals to decide cellular fate. This
process of integration is influenced and further amplified by p53 protein modifications,
which result in p53 protein activation. Once activated, p53 binds as a tetramer to the p53
consensus motif of specific target genes in order to regulate the cellular outcome. P53
transcriptional complexes can include p53 family members such as p73 or p63.

Tumors Suppressor p53 is Commonly Mutated in Cancer

p53 has been reported to be mutated in more than 50% of human cancers, making
it one of the most explored cancer targets. P53 mutation is a poor prognostic marker in
various types of cancer. The p53 transcription factor consists of five crucial domains,
each one exerting a particular function: the transactivation domain, proline-rich domain,
DNA-binding domain, tetramerization domain, and the C-terminal domain. Although
mutations have been found throughout all domains in the p53 protein, only a few
mutations have been vastly studied. The most commonly mutated residues or “hot spots”
mutations reside in the DNA-binding region. Frame-shift and nonsense mutations have
been reported, leading to the complete loss of the wild-type p53 expression (18).
Nonetheless, unlike other tumor suppressors, missense mutations are the most common in
the p53 protein and can result in the expression of a stable mutated p53 protein (18).
Missense mutations in the DNA-binding domain are classified as DNA contact or
conformational mutants. The first type of mutation (contact) consists of a single amino
acid change that affects the binding of the mutated p53 protein to the DNA sequence
without significantly altering the structure of the protein. The latter type of mutation
(conformational) results in a single amino acid change that disrupts the three-dimensional
structure of the p53 protein.
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TP53 mutations can result in loss of function (LOF), a dominant-negative
phenotype, or gain-of-function (GOF) activity. Mutations in the DNA core domain
commonly lead to the loss or reduction of the wild type p53 transcriptional activity. In the
case of p53 heterozygosity, mutant p53 can act in a dominant-negative fashion by binding
to the wild-type p53 in the tetramer structure. In addition, some of the p53 mutants can
acquire a GOF activity. Studies have shown in vitro and in vivo that introduction of
certain types of p53 mutants in a p53 null background results in new phenotypes where
tumor cells are more proliferative, invasive, resistant to therapy, or more metastatic (19,
20). These findings resemble what was observed clinically in patients where those
carrying TP53 mutations in the germline have earlier cancer onset than patients that lose
p53 expression. Moreover, mutations in the p53 protein have been associated with tumor
development, and chemotherapy, radiation, and therapy resistance (21).

Mutant p53 GOF stems from its capacity to regulate specific gene expression that
contributes to cancer initiation, progression and therapy resistance. Despite the
expectation that loss of transcriptional activity of the DNA-binding domain in mutant p53
may lead to loss-of-function, some studies have suggested other activities of mutant p53.
Mutant p53 has been shown to contribute to genomic instability, one of the hallmarks of
cancer, by interacting with the Mre11 nuclease (22). This hinders the interaction of the
Mre11-Rad5-NBS1 (MRN) complex with double strand breaks and the ability of ATM to
repair DNA damage. Similarly, proliferating-cell nuclear antigen (PCNA) promoter
activity reporter was shown to increased by various forms of mutant p53. PCNA
regulation was largely dependent on the presence of the TATA box and ATF-binding site
on the PCNA promoter. In therapy resistance, transcription of the MDR1 gene, whose
overexpression is linked to drug resistance, was demonstrated to be altered by mutant p53
through up-regulation of the MDR1 promoter (23). Although mutant p53 might not
directly bind to gene promoters to activate or repress their expression, it appears to
engage in protein-protein interactions to recruit other transcriptional factors and modulate
gene expression. Some studies have suggested that mutant p53 can bind to other DNA
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sequences besides the known response element, and this binding may regulate a set of
genes distinct from those regulated by wild-type p53.

In addition to mutant p53 acting in a dominant-negative fashion towards wildtype p53, mutant p53 has been shown to inhibit p53 family proteins p73 and p63.
Consequently, p73 and p63 become incapable of exerting their tumor suppressive
functions. p73 and p63 are transcription factors that share significant structural homology
with p53. Similar to p53, p73 and p63 control the expression of genes involved in cell
cycle arrest and apoptosis. It has been shown that p73 and p63 can functionally replace
p53 (24). Unlike p53, however, they are very rarely mutated in cancer. Therefore,
restoration of the p53 pathway through its family members represents an attractive
therapeutic approach.

Wild Type and mutant p53 degradation mechanisms

Murine double minute 2 (MDM2) is an E3 ubiquitin ligase that ubiquitinates
wild-type p53 thereby targeting it for protein degradation through the ubiquitin
proteasome system. Wild-type p53 levels are crucial for cell maintenance as exemplified
by MDM2-null mice. MDM2-null mice exhibit massive cell apoptosis, resulting in
embryonic lethality, while p53-null mice are viable (25). To control p53 protein levels,
MDM2 is one of the p53 target genes, generating a negative feedback loop that ensures
p53 low levels once the outcome of the stress signals has been resolved. Other E3 ligases
such as the p53-induced protein with RING-H2 domain E3 (Pirh2), ARF-BP1, Cterminus of Hsp70-interacting protein (CHIP), among others, affect p53 protein turnover
(7, 26). Heat shock proteins (HSPs) are chaperone proteins that assist in ensuring that
newly synthesized and improperly folded proteins have adequate protein conformational
assembly. HSP proteins are mostly activated during cellular stress and found to be
associated with proteins involved in cell survival, including wild-type and mutant p53
(27). HSPs can mediate the degradation of wild-type and mutant p53 proteins through the
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ubiquitin proteasome system and chaperone-mediated autophagy (CMA) when these
proteins have not reached proper folding. Once correctly folded, released wild-type p53
from the Hsp90 chaperone can exert its tumor suppressive functions. On the other hand,
release of the mutant p53 from Hsp90 using Hsp90 inhibitors such as Geldanamycin,
enhances mutant p53 degradation. These opposing effects between wild-type and mutant
p53 in binding to Hsp90 presumably arise from differences in the unfolded state of the
p53 mutant. Therefore, mutant p53 binds to Hsp90, aiding its stabilization and evading
protein degradation. CMA is a process were proteins ultimately get degraded by the
lysosome without the involvement of autophagosomes. In CMA, Hsp70 recognizes a
specific motif in the substrate protein, and interacts with the lysosome-associated
membrane protein type 2A (LAMP-2A), causing its multimerization followed by the
transferring of the substrate to the lysosome (28). Mutant p53 was reported to be
degraded through CMA in nonproliferating tumor cells (29). Whether CMA also affects
wild-type p53 has yet to be proven. In addition to the ubiquitin proteasome system and
CMA, mutant p53 protein turnover was affected by macroautophagy as a result of a
curcumin-based zinc compound (Zn(II)-curc) compound mechanism of action (30). The
authors in this study showed that the Zn(II)-curc compound caused degradation of the
R175H mutant and induced the expression of p21, PUMA, and DRAM, which are p53
target genes. The study proposed that Zn(II)-curc reactivates the p53 wild-type
transactivation which results in the upregulation of DRAM ultimately leading to mutant
p53 degradation through autophagy. Although DRAM has been previously reported to
induce autophagy in a p53 dependent manner (31), the study lacked evidence to directly
implicate DRAM in R175H mutant p53 degradation. Nonetheless, it was clear that
autophagy mediated R175H mutant p53 degradation.
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NOXA, a p53 Target Protein Involved in Apoptosis and Autophagy

NOXA is a member of the BH3-only subcategory of pro-apoptotic proteins in the
Bcl-2 protein family along with PUMA, BID, BAD, and others that contain one BH3
domain. The primary function of these proteins is to induce apoptosis via mitochondrial
outer membrane permeabilization, release of cytochrome c and subsequent caspase
activation, recognized as the intrinsic apoptotic signaling pathway. Although NOXA is a
p53 target following DNA damage, p53-independent NOXA induction has been reported
(32). NOXA binds to Mcl-1, an anti-apoptotic Bcl-2 protein, and targets Mcl-1 for protein
degradation thereby inducing the apoptotic cascade. In addition to apoptosis, NOXA has
been reported to be implicated in promoting autophagy via the MERK/ERK pathway.
Activation of this pathway by RasV12 leads to increased NOXA expression, followed by
interaction with Mcl-1, resulting in the release of Beclin-1 from the Mcl-1/Beclin-1
complex, and consequent autophagy induction (33). Although an increase in autophagic
flux is commonly thought to be an adaptive cell response that promotes cell survival and
protects the cell against apoptosis, NOXA-mediated autophagy was shown to be required
for cell death. Along similar lines, a study published by another group reported that
NOXA up-regulation through the MERK/ERK pathway was required for autophagy in
human melanoma cells (34). Contrary to the previous study, this group suggested that
NOXA has an indirect anti-apoptotic role by delaying apoptosis under nutrient starvation
conditions. This study did not address if autophagy was induced as a response for cell
survival or if it was required for cell death. Nonetheless, NOXA shRNA mediated protein
knockdown resulted in increased colony formation, suggesting that NOXA expression is
required for cell death. Therefore, more work needs to be done in order to shed light on
the role of NOXA in autophagy.
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Current p53 Pathway Restoring Therapeutic Strategies

Despite numerous efforts to identify small molecule compounds for mutant p53targeted therapy, to date there is no approved drug that restores a functional p53 pathway
in cancer cells with mutant p53. Given that TP53 is the most commonly mutated tumor
suppressor, it is an attractive therapeutic strategy to identify such small molecules.
Current p53 pathway restoration strategies involve delivery of wild-type p53 by
adenovirus, the reactivation of mutant p53 to the wild-type conformation, targeting
mutant p53 for degradation, and restoring the p53 via the activation of its family
members i.e. p73. In vitro and in vivo adenovirus delivery of wild-type p53 has been
shown to have a benign safety profile and to elicit significant apoptosis (35).
Nonetheless, this strategy might represent a greater advantage in tumor cells carrying
nonfunctional wild-type p53 or p53 null tumors, considering that in cells that harbor p53
mutations, the mutant p53 can have a dominant negative effect against the wild-type p53.
Another strategy under clinical development in tumors with wild-type p53 is the
inhibition of the p53 and MDM2 interaction. Small molecule inhibitors of this interaction
i.e. Nutlin-3A, and RITA (36, 37), have been demonstrated to induce apoptosis in tumor
xenografts in a p53-dependent manner. These small molecules stabilize wild-type p53 in
the absence of DNA damage or checkpoint kinase activation.
Strategies targeting dysfunctional wild-type p53-harboring cancer cells are
ineffective as a therapy for cancer cells where p53 is mutated. Therefore, other
approaches have been pursued to target mutant p53 including restoring the mutant
conformation to the wild-type p53, targeting mutant p53 for protein degradation, and the
activation of p53 family members p73 and p63. Identification of compounds that can
restore the wild-type conformation of specific p53 mutants has proven that this approach
can be challenging. For example, NSC319726 showed anti-tumor effects in cancer cell
lines but it was only effective in R175H p53 mutants bearing cells (38). Nonetheless,
efforts have identified PRIMA-1 and its optimized derivative compound, APR-246,
capable of restoring a wide range of mutant p53 conformations to the wild-type p53
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structure. PRIMA-1 and APR-246 have been shown to suppress cell growth in p53
mutant cancer cells and the first p53 structural restoring compounds to enter clinical trials
(39). CP31398 continues to be of interest as a p53 mutant conformation modifying small
molecule compound while ellipticine is more of a tool compound than a therapeutic drug.

Mutant p53 is over-expressed in cancer cells, therefore restoring the mutant to
wild-type p53 conformation might result in massive apoptosis. With this in mind, efforts
have been directed towards the elimination of mutant p53 in order to prevent its gain-offunction capabilities. 17AAG and SAHA, a HSP90 and histone deacetylase inhibitor,
respectively, have been shown to stimulate the degradation of mutant p53. Both of these
compounds were shown to be selective towards mutant p53 protein degradation and
reduction of cell viability in mutant p53-bearing cells as compared to cells with wild-type
p53 (40, 41).

With our current knowledge that p53 family members p73 and p63 can perform
similar anti-tumor effects, our group and several others have identified small molecules
that restore the p53 pathway through the activation of p73. Cell-based screening
identified RETRA, a small molecule that increases p73 levels and elicits cell death in a
p73 dependent manner (42). Using a luciferase based p53-reporter, our group has
identified several compounds that restore the p53 pathway including prodigiosin and
NSC59984 (43-45). Both of these compounds up regulate p73 although the mechanisms
of action are believed to be different. Prodigiosin targets the disruption of the mutant p53/
p73 interaction leading to increased p73 activation without degrading mutant p53
whereas NSC59984 mediates mutant p53 degradation via MDM2 and HSP90.
Furthermore, current unpublished data from our laboratory suggests that mutant p53
protein degradation is necessary for optimal p73-mediated p53 pathway restoration.
These findings support the pursuit of therapeutic strategies that target mutant p53 for
degradation.
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Significance of the Present Study

The purpose of this study was to characterize the mechanism of action of a small
molecule identified from a small molecule library screening effort that resulted in
functional transcriptional activation and elicited a p53-like tumor suppressive function.
Our goal was to translate promising compounds to the clinic in order to restore wild-type
p53 function in tumors with p53 mutation. We have previously reported the use of a
luciferase based p53 reporter assay in identifying candidate small molecules that restore
the p53 pathway through p53 activated transcriptional responses (43). For example, our
laboratory has identified the small molecule NSC59984 whose mechanism of action
requires the activation of p73 for gene transcription while simultaneously degrading the
mutant p53 form (45). We hypothesize that adequate p53 restoration in cancer cells
carrying mutated p53 should involve the removal or inactivation of mutant p53
protein and activation of p53 family members p73 and p63.

Utilizing our luciferase-based p53 reporter assay, our laboratory identified a novel
small molecule named CB002 as a candidate for the restoration of the p53 pathway in
null, wild-type and mutant p53-bearing colorectal cancer cells. We further characterized
CB002 in this project with regard to its activity as a p53 pathway-restoring small
molecule. The observation that CB002 was able to induce the reporter activity
independent of the p53 status prompted us to hypothesize that CB002 is able to restore
the pathway through the p53 family members p73 and/or p63. We concluded that the
expression of p53 target genes and apoptotic markers in response to CB002 were not
dependent on p73 expression. In addition, CB002 was capable of degrading the R175H
p53 mutant through a mechanism that appears to depend on the ubiquitin proteasome
system. Interestingly, CB002 was found to induce the autophagy process suggesting a
hypothesis that autophagy may play a role in mutant p53 degradation and cell death.
CB002-mediated NOXA induction and its involvement in autophagy led us to explore
autophagy as potential mechanism for mutant p53 degradation. Although autophagy did
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not affect mutant p53 protein expression, its blockage resulted in decreased apoptotic
markers. Our data supports the continued investigation of CB002 as a p53 pathway
restoring compound that may be further developed as a cancer therapeutic for tumors
with p53 mutation.
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Chapter 2

Objectives

The aim of this study was to determine the molecular mechanism by which
CB002 restores the p53 pathway. In addition, we intended to explore autophagy and
ubiquitin proteasome-mediated mutant p53 degradation in response to CB002 treatment.

We hypothesized that CB002 mediates mutant p53 degradation, thereby
weakening its dominant negative effect against p73. Consequently, release of p73 from
the mutant p53 complex would enable p73 to exert its tumors suppressive functions (see
the scheme below).
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Chapter 3

Methodology

Cell-Based Drug Screening for p53 Pathway Restoring Small Molecules

In order to identify small molecules that restore the p53 pathway, the lab
performed high-throughput screening using a non-invasive bioluminescence imaging in
human colorectal cancer cell lines that stably express p53-regulated luciferase reporter
(43). Cells were seeded in 96-well plates (Greiner Bio-One) at a density of 1x104 cells
per well. p53 transcriptional activity was imaged using an IVIS imaging system for a
period of 3-24 hrs.

Cell Lines

DLD-1, SW480, HCT116, and HCT116 p53-/- colorectal cancer cell lines that
stably express a p53-regulated luciferase reporter were previously generated in our
laboratory (43). RXF393 renal cancer cell lines, and WI38 and MRC5 normal lung cell
fibroblasts were purchased from ATCC. Cell lines were maintained in HyClone™
Dulbecco's High Glucose Modified Eagles Medium (DMEM, GE Healthcare),
HyClone™ McCoy’s 5A (GE Healthcare), HyClone™ RPMI 1640 (GE Healthcare), or
Eagle's Minimum Essential Medium (EMEM, ATCC) containing 10% fetal bovine serum
and 1% penicillin/streptomycin (complete media) at 37°C in 5% CO2, as recommended
by ATCC.
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CellTiter-Glo® Luminescent Cell Viability Assay

Cells were seeded in 96-well plates at a density of 5x103 cells per well. 20 µL of
CellTiter-Glo® Reagent was added directly to the wells, following the manufacturer’s
protocol, and bioluminescence signal was determined using an IVIS imaging system.

Knockdown Expression of p73, DR5, ATG5, and FADD Using siRNA

A total of 1x105 cells/well were plated per well in a 12-well plate in medium with
10% FBS without antibiotic. Forward transfection of p73 siRNA (s14319, Ambion®),
DR5 (sc-40237, Santa Cruz Biotechnology), atg5 (137766, Ambion®), FADD (S16706,
Ambion®) was performed using the Lipofectamine® RNAiMAX Transfection Reagent
(Life Technologies) and incubated for 48 hrs before treatment.

Overexpression of p53 R175H Mutant by Lentivirus Infection

HCT116 p53-/- cells (previously obtained from the Vogelstein Laboratory, Johns
Hopkins University) were infected with a lentivirus containing the p53 R175H mutant
vector (pLenti6/V5-p53_R175H, addgene). Cells were selected with blasticidin (8 µg/
mL) containing media cultured for 10 days. Blasticidin-resistant clones (pooled clones)
were screened for expression of the p53 R175H mutation by Western Blot analysis with
p53 DO-1 antibody. HCT116 p53 R175H cells were generated by a member (Amriti
Lulla) in the laboratory.
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Knockdown Expression of NOXA by Lentivirus Infection

A NOXA shRNA plasmid construct was amplified according to the
manufacturer’s recommendation (TRC Lentiviral Human PMAIP1 shRNA, Dharmacon).
Plasmid DNA was isolated using the PureLink® HiPure Plasmid Filter Maxiprep Kit
(Invitrogen) according to the manufacturer's instructions. Lentivirus production was
performed by transfecting HEK293T cells at a density of 8 x 106 cells per 10 cm dish
with 1.6 µg pMD2.G envelope plasmid, 3.2 µg psPAX2 packaging vector, 3.2 µg plasmid
DNA, and 24 µL of lipofectamine® Transfection reagent 2000 (Life Technologies) in a
total volume of reaction of 1 mL of antibiotic free DMEM media for a period of 6-10 hrs.
Media was then replaced with antibiotic free DMEM. Lentiviral particles were collected
between 48-72 hrs. SW480 cells (2.3 x 106 cells per well in a 12-well plate) were infected
1:1 (virus containing media: antibiotic free DMEM media, total volume 1 mL) for a
period of 24 hrs. Then, media was replaced with DMEM complete media for an
additional 24 hrs. At this point, cells were split and seeded (20% confluent) for selection
in a 10 cm dish with puromycin (2.5 µg/mL)- containing complete DMEM media and
cultured for 10 days. Puromycin containing complete media was replaced every 2-3 days.
Puromycin-resistant clones were screened for knockdown of NOXA by Western Blot
analysis with NOXA antibody.

Colony Formation Assay

Cells were seeded in 6-well plates at a density of 500 cells per well. Cells were
treated with CB002 small molecule for 24 hrs. Then, cells were cultured in drug-free
complete media for 15 days. During the course of 15 days, the media was changed every
2-3 days. At the end of the two weeks, media was removed, wells were washed twice
with Dulbecco’s phosphate buffered saline (PBS) and the colonies were fixed and stained
with 10% methanol and 0.25% crystal violet (Sigma-Aldrich) for 30 min. Wells were
then carefully washed with distilled and deionized water and allowed to dry.
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Apoptosis Assay

Apoptotic cells were quantified by Sub-G1 analysis. Cells were seeded at a
density of 2.5 x 105 – 5 x 105 in a 6-well plate and treated for 48-72 hrs. After treatment,
adherent cells were trypsinized and collected along with floating cells, washed with PBS
and fixed in 70% ethanol. Cells were then incubated in a Phosphate-citric acid buffer (0.2
M Na2HPO4 + 0.1 M Citric Acid, pH 7.8) at room temperature for 5 min, spun down and
resuspended for staining with 50 µg/mL propidium iodide (PI) in the presence of 250 µg/
mL pancreatic ribonuclease (RNase A). Sub-G1 analyses were performed using an Epics
Elite Epics flow cytometer (Coulter-Beckman).

Immunoblotting

After treatment, cells were harvested by trypsinization, washed with PBS, and
lysed with RIPA buffer (Sigma-Aldrich) for 30 min – 1 hr at 4 ºC. Protein lysates were
spun down and supernatant was collected. Protein quantification was performed using a
Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific). 1 x NuPAGE® LDS sample
buffer (Thermo Fisher Scientific) and 2-Mercaptoethanol as the reducing agent (SigmaAldrich) were added to protein lysates, followed by boiling for 15 min at 95 ºC. Equal
total protein amounts samples were loaded into NuPAGE™ Novex™ 4-12% Bis-Tris
Protein Gels (1.5 mm, Thermo Fisher Scientific) and gel eletrophoresis was performed
with NuPAGE™ MES SDS Running Buffer. Proteins were transferred onto an
Immobilon-P membrane (PVDF, EMD Millipore) using a Bio-Rad system with a 10%
Tris-Glycine and 10% methanol transfer buffer diluted in distilled and deionized water.
After transfer, membranes were blocked with 10% milk in TBST solution and then
incubated overnight with primary antibody, washed with TBST and incubated with
secondary antibody for 1 hr. Incubations were performed in 5% milk in TBST solution.
Signal was detected by using a chemiluminescent detection kit, followed by
autoradiography. The following antibodies were used: p53 (DO-1, 1:1000, Santa Cruz),
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p73 (1:1000, Bethyl Laboratories), p21 and NOXA (1:250, EMD Millipore), DR5,
FADD, cleaved caspase 3, cleaved caspase 8, cleaved PARP, and LC3B (1:1000, Cell
Signaling), and β-actin (1:10000, Sigma).

Statistical Analysis

Data are presented as means ± SEM (three biological replicates). To assess the
statistical significance of the differences, Two-way ANOVA for two comparisons was
performed, with p < 0.05 defined as statistically significant. Comparisons were made
against the DMSO vehicle control.
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Chapter 4

Results

Small Molecule CB002 Restores the p53 Signaling Pathway

In order to identify small molecules that could restore the p53 signaling pathway,
the laboratory screened 50,000 small molecules from the Chembridge Library using a
firefly luciferase human p53 reporter assay. SW480 colorectal cancer cells that stably
expressed the human p53 reporter were treated with compounds at various concentrations
from 0-100 µM for 2 and 24 hrs. This initial screen identified CB002 (ID 7745998,
IUPAC name: 8-anilino-1,3-dimethyl-3,7-dihydro-1H-purine-2,6-dione) as a small
molecule capable of activating the luciferase reporter in a dose-dependent manner. To
further validate the effects of the compound, we expanded the screening by testing the
reporter activity in DLD-1, HCT116, and HCT116 p53-null colorectal cancer cell lines.
In all three cell lines tested the activity of the reporter was induced in a dose-dependent
manner for a period of 3 and 24 hrs (Figure 1). These results showed that CB002 restores
the p53 signaling pathway.

CB002 has a Favorable Therapeutic Index

To begin establishing CB002’s potential as a therapeutic agent, we determined its
therapeutic index by treating cancer (DLD-1, SW480, and RXF393) and normal (WI38
and MRC5) cell lines with CB002 at concentrations ranging from 0 - 500 µM and
assessing cell viability by CellTiter-Glo® luminescence assay (Figure 2). IC50 values as
determined using GraphPad analyses are listed in Table 1. CB002 had a significant
therapeutic index among the cells tested. Normal cell lines had an IC50 value of
approximately 650 µM. The panel of cancer cell lines tested IC50 value ranged from 96
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µM - 400 µM. SW480 was observed to be the most sensitive cell line, followed by
DLD-1, and RXF393 as the least sensitive.

Small Molecule CB002 Qualitatively Decreases Colony Formation in Colorectal
Cancer Cell lines

To further validate CB002 as a lead compound, we determined its capability to
affect cell growth by analyzing cancer cell colony formation. Colony formation assays
are widely used to determine the ability of a single cell to proliferate and form a colony.
This method offers the advantage of elucidating the sensitivity of cells towards cytotoxic
agents in a long-term assay. In addition, this method is more likely to mimic the response
seen in mice models. CB002 significantly decreased colony formation in SW480, DLD-1,
and p73 DLD-1 stable knockdown cells (Figure 3). These results suggested that CB002
is cytotoxic in a manner that is not dependent on p73.

CB002 Induces Apoptotic Cell Death

With the ultimate goal of identifying small molecules as potential therapeutic
agents that promote cancer cell death through apoptosis, we treated SW480 cells with
CB002 and subjected the cells to Sub-G1 analyses. SW480 DMSO vehicle control SubG1 population was 11±2% whereas treatment with 96 µM CB002 showed a population of
32±2% (Figure 4 right panels). This significant increase in Sub-G1 content upon CB002
treatment indicates an augmentation in apoptotic cells. Furthermore, 96 µM CB002
treated W138 normal cells Sub-G1 population was 13+3% compared to DMSO control
7.6±.2% (Figure 4 left panel). The increase in Sub-G1 population in WI38 cells was
determined not to be statistically significant (Figure 4 bottom graph). Thus, CB002 is
able to induce apoptosis specifically in cancer cell lines and not in normal cells.
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CB002 Induces the Expression of p53 Target Genes

To further investigate the potential of CB002 as a p53 pathway-restoring
compound, we treated various cancer cell lines and probed for p53 target genes, as well
as for markers of apoptotic cell death. SW480 cells were treated with DMSO, 12, 25, and
50 µM CB002 as concentrations below IC50 value. As shown in Figure 5A, CB002
increased the expression of proteins involved in cell cycle arrest and apoptosis: p21 and
DR5 (Figure 5A, compare lane 1 to 2, 3, and 4). NOXA, a pro-apoptotic protein, was
also shown to be increased by CB002 concentrations below IC50 (50 µM) and the IC50
(96 µM) in SW480 cells. (Figure 5B, compare lane 1 to 2, and 3). Altogether, these data
indicate that the p53 pathway was activated. To validate that cell death was mediated
through apoptosis, PARP cleavage was assessed. Upon CB002 treatment, cleaved PARP
expression was observed to increase upon CB002 treatment compared to vehicle control
(Figure 5A, compare lane 1 to 2, 3, and 4). Taken together, these data indicate that
CB002 is able to induce the expression of p53 target genes and cell death in the SW480
cell line. Similar results were observed in DLD-1 cells, data not shown. To further
investigate the mechanism of CB002 in restoring the p53 pathway, p73 protein
expression was efficiently knocked down (Figure 5A, see lanes 5-8) and p53 target genes
expression was assessed. CB002 treatment was able to increase the expression of p21,
DR5, and cleaved PARP in p73-knockdown cells (Figure 5A, compare lane 5 to 6, 7,
and 8). Overall these data suggest that p73 does not play a critical role in the mechanism
of CB002 p53 pathway restoration and cell death. In addition, CB002 treatment groups
showed constant p53 protein expression levels as the DMSO control (Figure 5A,
compare lane 1 to 2, 3, and 4). This indicates that CB002 might not have an effect on
mutant p53 protein expression in SW480 cells. Nonetheless, further experiments were
performed to corroborate this finding (refer to Figure 6 section).
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NOXA Protein is Required for CB002-Mediated Cell Death

To determine the role of p53 target genes DR5 and NOXA in CB002-mediated
cell death, DR5 was knocked down by siRNA and a SW480 cell line stably transfected
with NOXA shRNA plasmid construct was generated. Adequate DR5 knockdown was
achieved as shown in Figure 5B (refer to lanes 4-6). DR5 knockdown in SW480 cells
treated with 50 and 96 µM CB002 continued to induce the expression of cleaved-caspase
3 (c-caspase 3) and cleaved PARP (Figure 5B compare lane 4 to 5 and 6) as efficiently as
the scrambled siRNA-treated cells (Figure 5B compare lanes 2 and 3 to 5 and 6).
Therefore, DR5 appears dispensable for CB002-mediated cell death.

On the other hand, when NOXA was efficiently knocked down (Figure 5B lanes
4-6), 50 and 96 µM CB002 treatment did not induce the expression of apoptotic markers
c-caspase 3 and cleaved PARP (see Figure 5B lanes 5-6). We verified NOXA’s
requirement for apoptosis by conducting a Sub-G1 analyses. As expected, 96 µM CB002
treatment in parental SW480 cells caused an increase in Sub-G1 content (19+1 %) when
compared to DMSO treatment (4.5+0.3%). Nonetheless, 96 µM CB002 treatment in
SW480 where NOXA was stably knocked-down, failed to increase the content of Sub-G1
cells (3.7+.1%) when compared to DMSO treatment (3.93+0.03%) (Figure 5D-E). These
data denote NOXA as the primary mediator in the mechanism of action of CB002mediated cell death.

In addition to CB002 increasing the expression of apoptotic markers, it induces
the expression of LC3B, a marker of autophagy (Figure 5C compare lane 1 to 2 and 3).
NOXA knock-down cells treated with 50 and 96 µM CB002 failed to induce LC3B
expression (Figure 5C see lane 5 and 6), indicating that NOXA is required for autophagy
induction. The role of autophagy is further addressed below (Figure 8).
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CB002 Treatment Negatively Affects the Stability of R175H p53 Mutant

As mutant p53 can acquire a gain-of-function activity, targeting mutant p53 for
degradation has been explored as a therapeutic strategy (18, 29, 30, 38, 39, 41, 48, 50).
To investigate the capability of CB002 in decreasing mutant p53 expression, mutant p53
expression was evaluated by Western Blot analysis. As mentioned, CB002 treatments
showed constant p53 protein expression levels as the DMSO control (Figure 5A,
compare lane 1 to 2, 3, and 4). To confirm these findings, a cycloheximide chase assay
was performed. Cells were treated with vehicle control or CB002 for a period of 24 hrs.
Subsequently, 100 µg/mL cycloheximide was added to the wells and protein lysates were
collected at different time points between 0 - 10 hrs. CB002 treatment did not affect
mutant p53 stability in SW480 and DLD-1 cells (Figure 6, compare lanes 1-5 to 6-10).
Nonetheless, CB002 treatment at 50 and 100 µM in HCT116 p53-null cells that
exogenously expressed the R175H p53 mutant showed a decrease in protein expression
compared to the DMSO control at 16 and 24 hrs (Figure 7A compare lanes 7 to 8 and 9,
and 10 to 11 and 12). To validate this result, we performed a cycloheximide chase
experiment, as shown in Figure 7B, 100 µM CB002 treatment decreased the stability of
mutant p53 compared to the vehicle control (compare lanes 1-4 to 5-8). To investigate
that the data observed was not an effect that is specific for exogenously expressed
protein, RXF393 renal cancer cells that endogenously express p53R175H were treated with
100 and 150 µM CB002. Both concentrations of CB002 at 16 and 24 hrs decreased the
R175H p53 mutant expression as compared to the vehicle control (Figure 7C).
Altogether, the data suggests that CB002 is capable of decreasing mutant p53 expression
but potentially in a mutation-selective manner. In addition, CB002 p53 degradation was
specific to mutant p53 as it was unable to decrease the expression of wild-type p53
(Figure 7A, see lanes 1-6).

Mutant p53 has been shown to be degraded by various mechanisms including via
MDM2-mediated degradation through the ubiquitin proteasome system. In order to
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explore the route by which the R175H p53 mutant was being degraded in response to
CB002, HCT116 p53 R175H cells were pretreated with the MDM2 inhibitor Nutlin-3A
and the proteasome inhibitor MG132 prior to CB002 treatment. After 1 hr of incubation,
cells were simultaneously treated with CB002 and Nutlin-3A or MG132. Co-treatment of
50 and 100 µM CB002 with Nutlin-3A for 24 hrs reduced the R175H p53 mutant
expression (Figure 7D, compare lane 4 to 5 and 6). This suggests that MDM2 is not
required for the effect of decreased mutant p53 stability in the presence of CB002
although a positive control for MDM2 inhibition needs to be included to confirm our
result. On the other hand, treatment with CB002 and two different concentrations of
MG132 (5 and 10 µM) rescued mutant p53 protein expression (Figure 7, compare lanes 7
to 8 and 9, and 10 to 11 and 12). Our data suggest that mutant p53 protein is degraded in
response to CB002 in a manner that is dependent on the ubiquitin proteasome system.

Autophagy Does Not Play a Role in Mutant p53 Degradation But It Appears To Be
Required for Apoptotic Cell Death

During CB002 treatment, cells formed vacuoles suggesting an involvement of the
autophagy process. Because it has been recently reported that mutant p53 can be
degraded through the lysosome, it was important to investigate if CB002 was inducing
autophagy as a potential mechanism for mutant p53 degradation. Using an autophagy
detection kit (CYTO-ID® autophagy detection kit, Enzo® Life sciences) we observed an
increase in autophagic vacuole-specific staining upon 50 µM CB002 treatment compared
to the DMSO control in DLD-1 (Figure 8A). To confirm these findings, we probed for
LC3B, a well-known marker for autophagy detection (46). Because accumulation of
LC3B can also indicate a blockage of autophagy, LC3 conversion was evaluated during a
time course of 0 - 48 hrs treatment with 160 µM CB002 in DLD-1 cells. Figure 8B
shows that following CB002 treatment there is an initial increase of LC3B and not in the
DMSO treatment (compare lane 1 (0 hr) to lane 2, and 8). LC3B expression increases to a
maximum in CB002 treated (Figure 8B lane 10) followed by a drop of its protein
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expression. No change in expression of LC3B was observed over time in DMSO control
treated cells (Figure 8B, lanes 2-7). LC3B initially increases in the process of autophagy,
and later it is degraded in the lysosomes. Thus, this data indicates that autophagy is being
induced by CB002 treatment. To explore if mutant p53 was getting degraded through the
autophagy mechanism, autophagy was blocked using the autophagosome/lysosome
fusion inhibitor, chloroquine (Chl). As expected, treatment with CB002 in HCT116 p53
R175H cells for 16 and 24 hrs decreased mutant p53 expression (Figure 8C, compare
lanes 1 to 2 and 3, and 7 to 8 and 9). Co-treatment of CB002 and Chl for 16 and 24 hrs
did not rescue mutant p53 protein expression, indicating that autophagy does not play a
role in CB002 mediated mutant p53 degradation (Figure 8C, compare lanes 4 to 5 and 6,
and 10 to 11 and 12).

As autophagy can be induced for cell survival during a cellular stress, its
contribution to cell death was investigated. Autophagy was blocked using Chl along with
CB002 cells and the effects on apoptotic cell death markers were evaluated. As
previously demonstrated, CB002 induced the expression of cleaved caspases and PARP
(Figure D, lanes 2 and 3). Upon combination treatment of CB002 and Chl, cleaved
caspase 8 and cleaved PARP were reduced compare to CB002 alone (Figure D, compare
lanes 2 and 3 to 5 and 6). To further validate this result, we down-regulated autophagy by
efficient siRNA-mediated knockdown of the autophagy related 5 (atg5) (Figure E, lanes
4-6, and 10-12). Ablation of atg5 resulted in complete loss of PARP cleavage upon
treatment of CB002 for 16 and 24 hrs (Figure E, lanes 5-6 and 11-12). Although
autophagy is mostly thought to be an adaptive process allowing the cell to survive during
stress, here it seems to be required for CB002 mediated apoptotic cell death. Other
investigators have demonstrated atg5 to be implicated in autophagic cell death induced by
IFN-γ via interaction with Fas-associated protein with death domain (FADD), a particular
scenario that required caspases (47). Since our data suggests that atg5 is required for
apoptosis, we then explored if the atg5-FADD axis was an interaction required for CB002
mediated cell death. As shown in Figure 8F lane 4-6, suitable knockdown of FADD was
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achieved. CB002 treatment was able to induce the expression of cleaved PARP in FADD
knocked down cells (Figure 8F lane 5 and 6) as efficient as the scrambled siRNA
(Figure 8F lane 2 and 3). Thus, FADD is not crucial in CB002 mediated cell death.
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Figure 1. CB002 Activates Luciferase Based p53-Reporter Activity in Three
Different Colorectal Cancer Cell Lines in a Dose-Dependent Manner. A.
Representative image of the luciferase based p53-reporter activity at 3 hrs. B-D.
Quantification of the luciferase based p53-reporter activity in three different cells
incubated from 3-24 hrs with CB002. E. Representative image of the luciferase based
p53-reporter activity at 2 hrs for HCT116 p53-null cells. Three replicates were done for
each concentration of CB002 as indicated in the figure panels.
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Figure 2. CB002 has a Favorable Therapeutic Index. Cancer (DLD-1, SW480, and
RXF393) and normal (WI38 and MRC5) cell lines were treated with CB002 with
concentrations ranging from 0 - 500 uM for a period of 72 hrs, at this point cell viability
was measured using the CellTiter-Glo® luminescent assay.

IC50 (uM)

95% CI

R2

SW480

96.47

82.92-96.52

0.991

DLD-1

161.1

135.8-190.0

0.946

DLD-1 p73kd

239.7

230.2-249.6

0.992

RXF393

399.5

259.4-615.2

0.928

MRC5

647.0

578.3-723.8

0.906

WI38

641.7

606.6-678.9

0.921

Cell Line

Table 1. CB002 IC50 values determined using GraphPad analyses for the cell lines tested
in Figure 2.
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SW480

DLD-1

DLD-1 p73 kd

DMSO

50 uM CB002

Figure 3. CB002 Qualitatively Decreases Colony Formation in SW480, DLD-1, and
DLD-1 p73 Knockdown Stable Colorectal Cancer Cell Lines. Cells were treated with
50 µM CB002 for a period of 24 hrs, at this point media was replaced with complete
media for a period of 15 days. Image is a representation of one of the three replicates.
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Figure 4. CB002 Treatment for 48 hrs Increases Apoptotic Cells as Indicated by the
Sub-G1 Content in SW480 Cancer Cells but Not in Normal WI38 Cells. Two-way
ANOVA statistical analysis, p < 0.05 against DMSO vehicle control. Three replicates
were performed, representative histogram is shown.
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Figure 5. CB002 Induces the Expression of p53 Target Genes Independently of p73
and NOXA is Responsible for CB002-Mediated Apoptosis. A-C Whole cell lysates
were subjected to western blot analysis A. p73 was knocked-down by siRNA in SW480
cells followed by CB002 treatment for 16 hrs. B. DR5 was knocked-down by siRNA in
DLD-1 cells followed by CB002 treatment for 16 hrs. C. NOXA was knocked-down by
shRNA in SW480 cells followed by CB002 treatment for 16 hrs. D-E. Parental SW480
and SW480 NOXA stable knockdown cells treated with CB002 for 48 hrs were subjected
to a Sub-G1 analysis. E. Two-way ANOVA statistical analysis was performed for D., p <
0.05 against DMSO vehicle control. Three replicates were performed, representative
histogram is shown. c-caspase 3 corresponds to the cleaved form of full length caspase-3.
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Figure 6. CB002 Does Not Affect Mutant p53 Stability in SW480 and DLD-1 Cells.
A-B. SW480, nor C. DLD-1 colorectal cancer cells. Cells were treated for a 24 hr period
with DMSO, CB002 or positive control followed by 100 µg/mL cycloheximide addition,
protein stability was evaluated at a time course of 0 - 10 hrs. Histone deacetylase
inhibitor, SAHA and Hsp90 inhibitor Geldanamycin (1 µM GA) were used as positive
controls.
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Figure 7. CB002 Treatment Negatively Affects the Stability of the R175H p53
Mutant. A. CB002 reduces the protein expression of the exogenous R175H mutant in
HCT116 p53-null cells and not the HCT116 wild-type p53 cells. B. HCT116 R175H p53
cells were treated for 24 hrs with DMSO or CB002 followed by 100 µg/mL
cycloheximide addition, protein stability was evaluated from 0 - 10 hrs. C. CB002
reduces the protein expression of the endogenous R175H mutant p53 in RXF393 renal
cancer cells. D. Co-treatment for 24 hrs with proteasome inhibitor MG132 and CB002
rescues the expression of the R175H mutant p53, suggesting the involvement of the
ubiquitin proteasome system in CB002-mediated mutant p53 degradation.
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Figure 8. Figure 8 description on next page
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Figure 8. CB002-mediated Autophagy Induction Appears to Aid Apoptotic Cell
Death. CB002 induces autophagy as indicated by A. Specific recognition of autophagic
vacuoles (detection using the CYTO-ID® autophagy detection kit at 24 hrs) and B. LC3B
protein expression levels in DLD-1 cells (cells were treated with 160 µM CB002 or
DMSO control for a period of 2-48 hrs. C. Autophagy inhibition by Chl does not rescue
mutant p53 protein expression in HCT116 R175H p53 D. Blocking the autophagy
process in SW480 cells with 50 µM chloroquine (Chl) reduces the expression of
apoptotic markers cleaved caspase 8 (c-Caspase 8) and cleaved PARP (24 hrs) E.
Inhibition of autophagy by Atg5 siRNA completely abolished PARP cleavage in SW480
cells. F. Atg5-FADD apoptosis axis is not involved in CB002 mediated apoptosis in
SW480 cells (24 hrs).
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Figure 9. CB002 Proposed Mechanism of Action. CB002 induces the expression of
NOXA and the degradation of mutant p53 through the ubiquitin proteasome system.
NOXA and atg5 expression are required for apoptotic cell death. The relationship
between ATG5 and NOXA, if any, remains to be determined. Furthermore, CB002
induces autophagy which aids apoptotic cell death.
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Chapter 5

Discussion

In line with the fact that p53 is highly mutated in human tumors, strategies
involving the restoration of wild-type conformation, mutant p53 degradation, and
activation of p53 family members are of great interest for cancer therapy. With this in
mind, the current study aims to identify a novel small molecule that restores the p53
pathway in various cancer cell lines that harbor the mutant p53 protein. As demonstrated
in Figure 1, CB002 treatment was able to induce the p53 luciferase reporter activity in a
p53-independent matter. This suggests that the mechanism of action does not likely
involve the restoration of the mutant to wild-type p53 conformation, although further
experiments are required to support this conclusion. The ability of CB002 to restore the
p53 pathway was validated by studying the activation of p53 target genes p21, DR5, and
NOXA in various cancer cell lines and expression of well-established apoptotic markers.
Stable knockdown of NOXA completely abrogated the expression of cleaved PARP and
reduced Sub-G1 cells, implicating the relevance of NOXA as the key mediator of cell
death induction by CB002. Although CB002 has a significant therapeutic index, it is
important to note that CB002 was specific in causing apoptosis in cancer and not in
normal cells. We have identified CB002 as a strong and robust inducer of NOXA protein
expression, therefore it is of interest as a tool compound and for further medicinal
chemistry modifications that enhance its therapeutic potency.

To further interrogate our hypothesis, we sought to investigate if CB002 had the
capability of degrading mutant p53. As shown in Figure 6, CB002 did not reduce the
stability of the R273H (SW480) and S241F (DLD-1) p53 mutants. On the other hand,
CB002 treatment of tumor cells decreased the stability of the R175H p53 mutant.
Reactivating the mutant p53 structure to the wild-type conformation strategy has been
previously explored. Some p53 pathway-restoring small molecules in clinical trials act
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via this mechanism (48). Similar to the mutant-selectivity of CB002 observed in this
study, some of these small molecules affect certain types of p53 mutants but not others.
For example, Yu et al. discovered a small molecule named NSC319726 capable of
reactivating the wild type p53 conformation only in cells carrying the R175H p53 mutant.
Its mutant-selectivity is impaired by the zinc ion chelating properties of the molecule
(38). Likewise, others have reported molecules that bind to specific pockets of the mutant
p53 protein i.e. PhiKan083, and WR1065 (49, 50). Although other compounds have been
found to be effective in reactivating the conformation of the mutant to the wild-type
structure in a variety of p53 mutants, it is becoming clear that not all mutants behave nor
can be treated the same way (18). Therefore, it is important to identify the specific
mechanism of mutant to wild-type reactivation, as some molecules are p53 mutationspecific and hence, the right population of patients that will benefit needs to be classified.
In our study, there is the possibility that CB002 restores the wild-type conformation of
the R175H p53 mutant and not the other mutants tested, which may explain the
selectivity in p53 degradation towards the R175H p53 mutant.

Mutant p53 has been shown to be degraded through various cellular degradation
routes. First we investigated if the ubiquitin proteasome system was involved in the
degradation of R175H p53 mutant. As shown in Figure 7D, co-treatment with MG132, a
proteasome inhibitor, rescued R175H p53 mutant protein expression. It is well
established that MDM2 ubiquitinates p53 and targets it for degradation through the
ubiquitin proteasome system. Therefore, the MDM2 inhibitor, Nutlin-3A, was
simultaneously added to CB002. Treatment with Nutlin-3A did not inhibit CB002 mutant
R175H p53-mediated degradation, suggesting that MDM2 may not be required. These
data suggests the R175H mutant is being degraded through the ubiquitin proteasome
system independently of MDM2. Other ubiquitin ligases have been reported to
monoubitquitinate p53 independently of MDM2 for instance, p53-induced protein with
RING-H2 domain E3 (Pirh2), ARF-BP1, C-terminus of HSP70-interacting protein
(CHIP), and caspase 8/10 associated RING proteins (CARPs) (26). Therefore, these and
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other regulatory proteins remain to be explored in regards to their involvement in CB002
mediated R175H p53 mutant degradation.

There is evidence demonstrating that macroautophagy and chaperone mediated
autophagy are cellular routes that affect p53 protein turnover. Because we observed
increased autophagic activity, we examined if these processes have any effect on R175H
p53 mutant protein expression. Co-treatment of CB002 with Chl, a lysosome inhibitor,
did not rescue mutant p53 protein expression, indicating that these processes are not
involved in CB002 mediated R175H p53 mutant protein degradation. Interestingly,
confirming these results by inhibiting autophagy through atg5 knockdown, led us to the
finding that atg5 was required for apoptosis, as indicated by cleaved PARP. Atg5, mostly
known for its role during the initial steps of autophagosome development, has been
shown to be involved in autophagic cell death. This form of cell death is caspase
independent and characterized by the appearance of double membrane cytoplasmic
vesicles whose cargo is degraded by the lysosome. Others have demonstrated atg5 to be
implicated in autophagic cell death induced by IFN-γ via interaction with FADD, a
particular scenario that required caspases (47). Since our data suggested that atg5 is
required for apoptosis, we then explored if the atg5-FADD axis was an interaction
required for CB002 mediated cell death. Knockdown of FADD did not affect PARP
cleavage, indicating that FADD is not crucial in CB002-mediated cell death.
Furthermore, atg5 has been recognized as a molecular substrate of calpain that shifts
autophagy to apoptosis (51). Here, the truncated atg5 form generated by calpain cleavage
was demonstrated to translocate into the mitochondria ultimately leading to cytochrome c
release and caspase activation. From these data we could speculate that the truncated
form of atg5 is responsible for CB002-mediated cell death. In order to test this
hypothesis, an experiment using calpain inhibitors would be useful to delineate the
importance of truncated atg5 in apoptosis. It is important to note that atg5 siRNA
mediated knockdown still showed an increase in LC3B expression levels, indicating that
the autophagy process was not hindered (Figure 8E). Since the process of autophagy has
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been reported to occur independently of atg5 (52), more experiments need to be done in
order to directly implicate the role of the autophagy process in cell death rather than the
atg5 protein itself, even thought blockage with Chl had an effect on cell death.

Our study identified CB002 as a novel p53 pathway-restoring compound that
induces apoptosis mainly through NOXA expression. NOXA shRNA-mediated
knockdown prevented cells from undergoing apoptosis, and interestingly, LC3B
expression. NOXA has been thought to play an anti-apoptotic role by inducing
autophagy, and thus, delaying apoptosis (34). Nonetheless, our results suggest that
autophagy contributes to apoptosis and that autophagy induction might be dependent on
NOXA expression (Figure 9). Even though our findings suggest that only the stability of
the R175H p53 mutant was affected, we cannot assert complete selectivity on this mutant,
as a bigger panel of p53 mutants should be further tested. Furthermore, degradation of
mutant p53 does not seem to be required for p53 pathway restoration, as CB002 was able
to induce several p53 target genes in various mutant p53 cell lines without having any
impact in their p53 protein turnover.
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