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Abstract: Tumor suppressor p53 protein (p53) plays a vital role throughout the body to
conserve DNA stability and prevent cancer. Normally, wild-type p53 protein (wtp53) is
either degraded or bound to a negative regulator and is inactive. When damage to DNA
occurs within a cell, p53 protein is induced and causes cell cycle arrest. This gives cells
a chance to repair, but if damage is too severe, cells undergo apoptosis and are rejected.
Mutations in the p53 gene (mip53) are associated with a variety of cancers and occur in 70—
80% of cases of triple-negative breast cancer (TNBC). Importantly, many mutations occur in
the DNA binding domain of p53 gene and the altered mutant p53 protein (mtp53) is
subsequently not degraded. High levels of mtp53 protein accumulate within the cell, leading
to the development of tumors. Therefore, converting mtp53 protein back into its functional
wild-type conformation is a promising means by which to prevent or reverse tumor devel-
opment. Herein we will briefly examine how tumor suppressor wtp53 exerts its effects, the
mechanisms involved in protecting cells that undergo DNA damage and ways in which
wtp53 prevents tumorigenesis. Using TNBC as an example, we will describe the use of
specific compounds to reactivate mtp53 protein function by reconfiguring its structure and
outline the potential benefits of mtp53 protein reactivation. We will also briefly discuss
current clinical trials aimed at reactivating mtp53 protein in order to cure certain cancers.
Finally, we make the recommendation that greater emphasis should be placed on testing
naturally occurring compounds that are generally non-toxic to re-activate mtp53 protein and
control progression of TNBC.
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Introduction

Breast cancer is the most prevalent form of cancer in women, and each year about
200,000 new cases are diagnosed in the United States.! Almost 40,000 women
succumb to the disease annually, usually following metastasis or the emergence of
drug-resistant tumor cells."? A particularly aggressive subtype of the disease,
known as triple-negative breast cancer (TNBC), accounts for approximately 10—
20% of all breast cancer cases worldwide.>> TNBC is characterized by a failure to
express estrogen and progesterone receptors, as well as human epidermal growth
factor receptor 2 (HER-2/neu), three receptors that are commonly targeted with
chemotherapeutic agents. The lack of hormone receptors limits the possibility of
targeted therapy,> consequently, TNBCs, rich in stem cells, typically metastasize
and are associated with poor patient prognosis and death.” It is therefore essential
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that advanced methods of treatment are developed to
combat this especially deadly type of cancer.

Approximately 80% of TNBCs express an inactive,
mutant form of the pS53 tumor suppressor protein
(mtp53), resulting in rapid tumor growth and metastasis.’
The prevalence of mutant p53 gene (m#p53) expression in
TNBC and its severe effect on disease progression, high-
light the importance of developing means by which to
reactivate its functional wild-type conformation of p53
protein in TNBC patients.°

p53 Tumor Suppressor: Structure

and Function

The tumor suppressor p53 gene (p53) is located on chromo-
some 17, and a total of 13 exons and 11 introns are involved
in encoding the full length p53 protein. The N-terminus
contains two linked transactivation domains (TADI1 and
TAD?2), which mediate the transcriptional activity of wtp53
protein.®” Studies show that variation within codon 47 near
the N-terminus is associated with decreased apoptotic
efficiency.” Following the transactivation domains, is
a proline rich region with PXXP repeats, where P is proline
and X is an amino acid other than proline.®’” This polypro-
line region is responsible for suppressing tumor growth and
serves some apoptotic functions.” Variation within codon 72
of exon 4, specifically a G to C transversion, results in
a change from arginine to proline. This polymorphism has
been found to induce tube-like structures involved in tissue
angiogenesis, as well as increased expression of
C-X-C Motif Chemokine Receptor 4 (CXCR4) and Cluster
of Differentiation 44 (CD44), both of which are associated
with
prognosis.” The DNA binding domain of the wtp53 protein

increased tumor progression and poor patient

is located near the C terminus and contains a central [-
sandwich scaffold, a loop-sheet-helix structure, and two
large loops. This region has been found to be highly con-
served from an evolutionary standpoint and is the site of
about 80% of all p53 mutations. The DNA binding domain
is followed by a linker region and an oligomerization

domain (OD), necessary for the tetramerization of p53 that
occurs during DNA binding.°

Wild-type p53 (wtp53) protein is a key regulator of
cellular homeostasis that is commonly referred to as the

“guardian of the genome.®'°

wtp53 promotes cell cycle
arrest and apoptosis, and also inhibits VEGF-dependent
angiogenesis, thereby countering rapid tumor growth,
metastasis, and possible drug resistance.'"'? Upon induc-
tion of apoptosis, wtp53 may be rapidly localized to the
mitochondria in order to induce mitochondrial outer mem-
brane permeabilization (MOMP), leading to the release of
pro-apoptotic factors from the intermembrane space.'
wtp53 also plays an important role in the DNA damage
response, senescence, DNA repair, cell migration and
autophagy.'® It furthermore inhibits the self-renewal prop-
erties of cancer stem cells (CSCs) and opposes the epithe-
lial to mesenchymal transition, a series of rapid changes in
phenotype, such as downregulation of cell-cell adhesion
structures, that are vital to metastasis.'> >

In response to cellular stress, wtp53 protein acts as
a tetrameric transcription factor that binds to specific
response elements and activates target genes such as
Cyclin Dependent Kinase Inhibitor 1A (CDKN1A) and
Serine/threonine kinase 11 (STK11).%7'® This activation is
achieved in three steps. First, wtp53 is stabilized through
events that disrupt its interaction with Mouse double minute
2 homolog (MDM?2), a negative regulator that plays a role in
a ubiquitin-mediated degradation of wtp53 protein.
Following stabilization, functionally active wtp53 protein
binds to its DNA response elements;'® however, the preva-
lence of altered amino acids in p53 protein resulting from
mutations within the DNA binding domain of p53 prevents
proper pS3/DNA association (Figure 1). Successful binding
and interaction of wtp53 protein with transcription factors
facilitates activation or repression of the appropriate target
genes, a process that is disrupted when defective mtp53
protein is present. It is possible that wtp53 protein undergoes
posttranslational modifications that may influence its

Mutation “hot-spots”

N-terminus R175 c220 B28S R248 R249R273 282 C-terminus
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Figure | Schematic structure of p53 showing the different domains. Mutations frequently occur within the DNA-binding domain. Commonly mutated codons/residues are

shown in red.
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binding to specific promoters through a process referred to
as promoter selection.'”

As we have seen, most p53 gene mutations are localized
to the DNA binding domain, with the majority being mis-
sense mutations within exons five through eight.>*'* Such
mutations generally result in a gain of oncogenic functions,
such as the promotion of invasion and metastasis, resistance
to apoptosis, lack of cell cycle control, and genome
instability.'®!'> Alterations in the function of transcriptional
regulators, or upregulation of chromatin regulatory genes,
such as genome-wide increases in histone methylation, may
lead to modified gene expression and cancer cell growth.®
An inability to activate tumor suppressor genes is associated
with tumorigenesis, aggressive tumor type, and poor patient
prognosis.”!! In many cases, this failure to activate tumor
suppressor genes is also correlated with promotion of inva-
sion, angiogenesis, and, ultimately, drug resistance.'
Furthermore, mtp53 protein is not recognized and is there-
fore no longer regulated by the MDM2 negative feedback
Studies show

that the mtp53 protein conformation is stabilized through

loop, leading to mtp53 protein accumulation. '

interactions with proteins such as heat shock protein 90
(HSP90), or as a result of post-translational modifications,
such as phosphorylation at the Ser20 and Thr180 residues. In
addition, its failure to induce MDM?2 activation may also
play a role in the stabilization of mtp53 protein.'® Typically,
MDM2 functions as a ubiquitin ligase of wtp53 protein,
downregulating protein levels in the absence of a stress
stimulus.®'"'® Upon activation of MDM2, wtp53 protein

is exported from the nucleus to the cytoplasm for

Wild-type p53

p53 conformation reactivating small

degradation and further transcriptional activity is inhibited
in a feedback manner.® Under conditions of cellular stress
however, wtp53 protein is activated and accumulates within
the nucleus, initiating an appropriate gene response.
Inactivation of MDM2 facilitates p53-induced apoptosis as
a cellular response to stress,'® The prevalence of mutations
in the p53 gene, and the significant downstream conse-
quences of such mutations, emphasizes the potential impor-
tance of developing ways of targeting p53 protein as
a means of combating TNBCs, for which there are currently
few treatment options. Mutations within the p53 gene should
be clonal and therefore present in all malignant cancer
cells,’” suggesting that treatment strategies involving p53
reactivation might be applicable to a range of cancers

(Figure 2).

PRIMA-1/APR-246

PRIMA-1 (p53 reactivation and induction of mass apop-
tosis) was identified as a non-toxic, low-molecular weight
compound that causes mtp53 protein to undergo confor-
mational change that facilitates its binding to DNA in
a sequence-specific manner in order to induce
apoptosis.'®* PRIMA-1 was shown to preferentially
induce cell cycle arrest and apoptosis in cells expressing
different mutant forms of p53 protein, including the ones
resulting from hot-spot mutants R273, R175, R282, R248,
and G245 in the p53 gene?® PRIMA-1 has also been
found to cause covalent modifications to proteins, such
as alkylation of thiol groups of cysteine residues on the

surface of the p53 protein.” So far, PRIMA-1 has been

Mutant p53
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Figure 2 Strategy for targeting conformationally altered mutant p53 by small molecule drugs to regain anti-tumor functions. Triangles depict altered shape of wild-type p53

protein which accumulates in cells.
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tested on 34 human tumor cell lines of various tissue types
and, according to the National Cancer Institute, was found
to preferentially inhibit the growth of cancer cell lines
carrying p53 mutations. Drug effectiveness strongly corre-
lated with levels of intracellular mtp53 protein levels.'®
Upon further investigation, the effects of PRIMA-1 were
found to be enhanced by the addition of a methyl group,
which yields PRIMA-1Met, also known as APR-246.'%!°

APR-246 is both a more soluble and a more active
form of PRIMA-1."" Upon administration, APR-246 is
converted to methylene quinuclidinone (MQ). As an a, -
unsaturated carbonyl compound, MQ acts as a Michael
acceptor and, similarly to PRIMA-1, has the capability to
covalently bind to cysteine residues of the mtp53 protein
in order to reactivate the wild-type conformation through
the alkylation of thiol groups.®”!' Much of the function-
ality of APR-246 can be attributed to its ability to reacti-
vate mtp53 protein by modifying the DNA-binding
domain, promoting the capacity of reconfigured p53 to
arrest the cell cycle and induce apoptosis.®'*!'> It is
believed that alkylation of these cysteine residues may
prevent aggregation caused by the thiol groups, possibly
increasing the fraction of the protein able to bind to DNA
and regulate gene transcription.’

APR-246 is believed to target a pocket between Loop
L1 and beta-sheet S3 located in the core domain of the p53
protein; more specifically, it targets Cys124, located at the
center of the pocket, as this residue is the most solvent
accessible.®'” Although Cys124 is not a DNA binding
residue, this cysteine residue is responsible for interactions
with DNA via Loop 1, anchoring p53 to DNA.''* In
addition to Cysl124, Cys277 has been identified as
a binding target that is essential to MQ-mediated thermo-
stabilization of the wtp53 protein core domain.'?

Phosphorylation levels of the Serl5 residue, mea-
sured using both conformation-specific antibodies and
fluorescent staining, have been used as a marker by
which to monitor the shift of mtp53 protein towards
the wild-type conformation.'' Reduced staining of anti-
body HO3.5, which detects mtp53 protein, and increased
staining of antibody PAb1620, which detects the wtp53
protein conformation, indicate a shift back towards the
correctly folded protein.®'® In addition to these findings,
APR-246 was found to reactivate R175H and R273H,
both of which represent a substitution of histidine for
arginine at positions 175 and 273, respectively, and are
the most common forms of mutation detected (Figure 1).
While these are two of the highest frequency mtp53

proteins detected, each mutation causes distinct down-
stream effects. Proteins with the R175H mutation are
classified as structural mutants, due to the mutation
occurring outside the DNA binding domain and, through
an altered 3-dimensional structure, preventing the protein
from binding to its response elements. Proteins contain-
ing the R273H mutation, on the other hand, are referred
to as contact mutants. These mutations occur within the
DNA binding domain of p53 gene, preventing protein
resulting from mutated p353 to interact with DNA %74
The ability of APR-246 to reactivate proteins with both
types of mutations in the mtp53 protein suggests great
promise for its clinical efficacy.

The capacity of APR-246 to induce apoptosis was also
measured by monitoring its effect on caspase activity.
Following administration of APR-246, caspase activation
was demonstrated through cleavage of poly ADP-ribose poly-
merase (PARP) by caspase-3.!" Caspase-3 is a frequently
activated death protease responsible for activating cleavage
of specific key proteins and is essential for both the disman-
tling of the cell and formation of apoptotic bodies.”'
Concomitant administration of caspase inhibitors and APR-
246 results in a reduction in apoptosis, further confirming the
relationship between APR-246 and caspase activity.''

APR-246 cytotoxicity is both dose-
dependent and also depends on factors such as cellular

and time-

confluence, hypoxia, cell-cycle progression, and different
sensitivities of individual cell lines."' Both p53 null cells
and wtp53-containing cells exhibit reduced cytotoxic
APR-246,
a specificity of the drug for cells containing mtp53

effects in response to demonstrating
protein.'''® Following APR-246 treatment, an increase in
the level of reactive oxygen species (ROS) within p53 null
cells, as well as a decrease in the cellular content of
glutathione (GSH) was ultimately the cause of cytotoxic
effects in these cells. This was confirmed using buthio-
nine-sulfoximine (BSO), an irreversible inhibitor of v-
glutamyl cysteine-synthase (y-GCS). BSO was found to
increase antitumor activities of PRIMA-1 regardless of the
cell’s p53 status.'""'? Animals treated with doses of APR-
246 between 20 and 400 mg/kg/day maintained body
weight and did not exhibit changes in behavior, whether
the drug was administered intravenously, intraperitoneally
or by intra-tumoral injection.'" We are therefore confident
that APR-246 could not only be an effective treatment for
TNBC, but would also represent a non-toxic alternative to
the highly toxic, non-targeted chemotherapy regimens in
current use.
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Additional Impacts of APR-246
Numerous studies have shed light on the possible impact
of APR-246 in addition to its ability to reactivate mtp53
protein back into the functional wild-type conformation.
The effect of APR-246 on cell redox balance may be the
most important. As mentioned previously, APR-246
increases levels of ROS while also decreasing intracellular
levels of GSH. It is believed that GSH depletion occurs via
MQ binding to thiol groups of GSH.'? Regardless of p53
status, this induced oxidative stress typically leads to
autophagy.'®'? In both wtp53 protein expressing cells
and p53 null cells, a relationship has been found between
Solute Carrier Family 7 Member 11 (SLC7A11) expres-
sion and potential resistance to APR-246. SLC7AIl is
a key component in system xC, responsible for importing
cystine for the formation of GSH. Levels of GSH remain
high in cells with increased expression of SLC7All,
potentially enabling APR-246 resistance. APR-246 may
also affect thioredoxin reductase (TXNRD1), another key
regulator of cellular redox balance. Knocking down of this
gene in mtpS53-containing cell lines partially inhibited
APR-246-induced cell death, most likely due to decreased
production of ROS in a p53-dependent fashion. These
results may explain effects observed in p53 null cells.'?
In its effect on cell redox balance, APR-246 may also
play a role in the unfolded protein response (UPR). The
UPR is typically activated in response to an accumulation
of unfolded proteins within the endoplasmic reticulum
(ER), causing ER stress. Cells will initially attempt to
restore normal cellular function by degrading these mis-
folded proteins; however, if these mechanisms are over-
Following APR-246
treatment, an upregulation of heat shock proteins HSP70

ridden apoptosis may occur.
and HSP90 and induction of numerous genes linked to the
UPR leads to a significant increase in cytotoxic effects in
p53 null cells. This may also be accompanied by an
increase in p73 expression, resulting in an enhancement
of UPR markers.'"'?

Clinical Trials Utilizing APR-246
APR-246 is the
reactivating small molecule drug that has reached

Currently, only mtp53 protein-
advanced stages of clinical trials, classifying it as a first-
in-class drug.'? Approximately ten years after PRIMA-1
was first isolated, its derivative, APR-246, was first stu-
died in Phase I and II clinical trials focusing on hemato-
The
preliminary goal of these clinical trials was to determine

logical malignancies and prostate cancers.*

the drug’s maximum tolerated dose (MTD), its overall
safety, dose-limiting toxicities (DLTs), and pharmacoki-
netics (PK). Patients with a life-expectancy exceeding
two months were selected for this clinical trial. p53 status
was not a determining factor, but the mtp53 protein was
observed in about twenty-five percent of patients.
Following administration of APR-246 for four consecu-
tive days,'>** the MTD was determined to be 60 mg/kg.
Overall, the drug was well tolerated with only mild side-
effects compared with commonly used toxic chemother-
apeutic agents. Favorable pharmacokinetics were demon-
strated, including minor interindividual variations that
were not dose- or time-dependent. Tumor cells exhibited
cell-cycle arrest, increased apoptosis, and upregulation of
pS3 target genes. Of six patients who presented with
circulating malignant cells, cell cycle changes, including
complete arrest, were observed in four individuals. In
addition, the p53 downstream targets BCL2 Associated
X, Apoptosis Regulator (Bax), p53 upregulated modula-
tor of apoptosis (PUMA), and phorbol-12-myristate-13-
acetate-induced protein 1 (NOXA), were upregulated, as
was Decoy receptor 2 (DcR2), a senescence marker.*?

Future Direction and Possibility of

Combinational Therapy

The current success of APR-246 in clinical trials raises
the possibility that therapy utilizing this small-molecule
drug in combination with other agents will be clinically
beneficial for treating TNBC. An example of one such
therapy consists of a combination of APR-246 and
a monoclonal antibody (2aG4), which targets exposed
phosphatidylserine residues located on tumor blood ves-
sels. 2aG4 blocks blood vessel function and reduces
angiogenesis, both of which are vital for tumor progres-
sion. Combination treatment using these two agents typi-
cally results in ischemia, hemorrhagic necrosis, and,
ultimately, cell death in both hormone-dependent breast
cancer and TNBC.*** Importantly, a combination of
APR-246 and 2aG4 appears to be non-toxic in tumor-

2334 which nevertheless exhibit

bearing animal models,
suppression of tumor growth and in some cases, complete
tumor eradication. There is evidence that a combination
of the two is more effective than either agent administered
alone. Furthermore, by reducing tumor blood vessel den-
sity, an important factor in metastasis, APR-246/2aG4
combination treatment may prevent the growth of second-

ary malignancies.>**
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Other Small Molecule Drugs That
Act on mtp53 Protein

Combinational therapies using APR-246 show promise in
the fight against TNBC. However, other small molecule
drugs that reactivate mtp53 are also of interest. COTI-2,
a third-generation thiosemicarbazone, has been shown to
exert antitumor activity in a variety of cancer types,
including MDA-MB-231 TNBC cells, both in vitro and
in vivo in an animal xenograft model.”> Compared with
currently used chemotherapeutic agents and other targeted
therapies, COTI-2 has been shown to be more active and
well tolerated in animal models. It is believed that, like
APR-246, the primary mechanism by which COTI-2 acts,
is through reactivation of mtp53 protein, thereby restoring
its DNA-binding properties and the ability of converted
p53 to induce expression of its target genes.’*?’ Studies
show, however, that COTI-2 may possess anticancer prop-
erties that are independent of p53 status, including an
ability to inhibit the target of rapamycin (mTOR) pathway
and activate AMP-activated protein kinase (AMPK).?
Another small molecule drug, NSC2287, Reactivation of
p53 and Induction of Tumor cell Apoptosis (RITA), also
binds to mtp53 protein and restores its proper transcrip-
tional functions.?®2° RITA induces apoptosis in cells that
express either mtp53 protein or wtp53, as well as in p53-
null cells, a finding that demonstrates that RITA may be
able to function both dependently and independently of
p53 status. Studies show that RITA may induce apoptosis
independently of p53 status by activating caspases through
p38 and the stress-activated protein kinase/Jun-amino-
terminal kinase SAPK/INK.*° Following recognition of
its anticancer properties, RITA was further studied in
initiated by the
Developmental Therapeutics Program (DTP) at NCI.

a drug development program
RITA was administered to rat, dog, and monkey models
in doses comparable to those shown to be effective in
mouse xenografts.’'? Unfortunately, in all three animal
models RITA caused pulmonary edema, and the program
was terminated prematurely. However, studies are ongoing
aimed at reducing nonspecific toxicities with analogues,
with the hope that RITA might be developed sufficiently to
be ultimately safe for clinical use. Since mtp53 protein
suppresses normal p73 activity, other drugs, such as
Reactivation of Transcriptional

Reporter ~ Activity

(RETRA), focus on suppressing mtp53 activity to facilitate

33

regular p73 functions.” Many other drugs that target

mtp53 protein and are undergoing clinical development,

including those that restore the wild-type conformation of
the protein to induce apoptosis/cell cycle arrest, are
described in another elegant review article.>*

Conclusions

In recent years, there has been a concerted effort to target
mutant p53 protein with a view to restoring normal p53
suppressor activity and reducing cancer. APR-246 and
COTI-2 are two examples of small molecule drugs that
are either undergoing or will soon be tested in clinical
trials.>> Rationale structure-activity-based drug design,
gene- and cell-based technologies are becoming popular.
Although Adenoviral gene therapy and clustered regularly
interspaced short palindromic repeats-CRISPR-associated
(CRISPR/Cas) gene editing-based therapies are advancing,
these technologies have not yet been applied to the target-
ing of mtp53 protein. Such studies are, however, immi-
nent. Since many small molecule compounds, including
APR-246 and COTI-2 are easy to develop therapeutically,
these drugs represent a promising way forward for con-
trolling tumor progression. PRIMA-1 was shown to pre-
vent breast cancer in an animal model.*® Newer drugs such
as APR-246 and COTI-2 are undergoing clinical trials to
establish their effectiveness against different types of can-
cer. Such agents may eventually be developed for use in
a preventative manner, which would indeed represent
a major advancement in the field. Since most cases of
TNBC are associated with m#p53, new drugs that target
the mutant protein are particularly important to women
afflicted with this aggressive form of breast cancer, for
whom there are no targeted therapies. Several plant-
derived nutraceuticals, such as luteolin and curcumin,
have been shown to possess anti-tumor properties. It
would therefore be extremely beneficial to test such com-
pounds, which are typically non-toxic, for their ability to
reactivate mtp53 protein. Naturally occurring agents such
as the aforementioned will likely provide a safe and effec-
tive means of treating patients with TNBC. It is possible
that more potent analogues of such compounds could be
developed that will offer non-toxic alternatives to the
highly toxic drug regimens now currently used.
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