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Chronic inflammation is a major cancer predisposition factor. Constitutive activation of the
inflammation-driving NF-kB pathway commonly observed in cancer or developed in normal
tissues because of persistent infections or endogenous tissue irritating factors, including
products of secretion by senescent cells accumulating with age, markedly represses p53
functions. In its turn, p53 acts as a suppressor of inflammation helping to keep it within
safe limits. The antagonistic relationship between p53 and NF-kB is controlled by multiple
mechanisms and reflects cardinal differences in organismal responses to intrinsic and ex-
trinsic cell stresses driven by these two transcription factors, respectively. This provides an
opportunity for developing drugs to treat diseases associated with inappropriate activity of
either p53 or NF-kB through targeting the opposing pathway. Several drug candidates of this
kind are currently in clinical testing. These include anticancer small molecules capable of
simultaneous suppression of p53 and activation of NF-kB and NF-kB-activating biologics
that counteract p53-mediated pathologies associated with systemic genotoxic stresses such

as acute radiation syndrome and side effects of cancer treatment.

INFLAMMATION: DEFINITION AND
BIOLOGICAL SIGNIFICANCE

nflammation is generally regarded as an adap-

tive response to infection, tissue injury, and
other harmful stimuli and agents that includes
awide variety of physiological and pathological
processes geared toward limiting their adverse
effects (Goto 2008; Medzhitov 2008). However,
it is becoming increasingly recognized that,
when chronic, inflammation can in itself be
dangerous, particularly in terms of cancer risk.
This review describes work supporting the
connection between chronic inflammation and
tumor development and progression and the

impact of mutual regulation between the major
inflammation regulator NF-kB and the major
tumor suppressor p53 on the balance of these
processes.

Inflammatory responses are triggered
through activation of germline-encoded pat-
tern-recognition receptors (PRRs) expressed in
both immune and nonimmune cells by micro-
bial structures known as pathogen-associated
molecular patterns (PAMPs). Some PRRs are
also able to sense various endogenous (nonmi-
crobial) signals that arise during tissue or cell
damage and are commonly referred to as dan-
ger-associated molecular patterns (DAMPs)
(Medzhitov 2008).
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Acute inflammation is usually caused by
exogenous stimuli including, besides infection
and injury, allergens, irritants, foreign bodies,
and toxic compounds. A successful acute in-
flammatory response results in elimination of
the infectious agent (or other stimulus) fol-
lowed by resolution of inflammation and repair
of tissue damage. If the acute inflammatory re-
sponse fails to eliminate the pathogen or other
stimulus, the inflammatory process may be-
come chronic (Drayton et al. 2006).

Chronic inflammation (also referred to as
“para-inflammation”; Medzhitov 2008) shares
many features of acute inflammation, but is usu-
ally low grade and persistent. Although acute
inflammation serves to protect and promote
regeneration of at-risk tissue, chronic inflam-
mation is typically associated with tissue degen-
eration (Franceschi et al. 2000b; Franceschi and
Campisi 2014). In terms of inducing stimuli,
unlike acute inflammation, chronic inflamma-
tion is often caused by endogenous inducers
produced by stressed, damaged, or malfunc-
tioning tissues (Medzhitov 2008) rather than
exogenous inducers. For example, certain cellu-
lar constituents released during necrotic cell
death, including ATP, K" ions, HMGBI (high-
mobility group box 1 protein), several members
of the S100 calcium-binding protein family,
crystals of monosodium urate, and reactive ox-
ygen species (ROS), play a role in chronic in-
flammation (Navab et al. 2006; Bianchi 2007;
Rock and Kono 2008). Damaged mitochondria
release another set of DAMPs (formyl peptides,
mitochondrial DNA, cardiolipin) that are
powerful activators of inflammation because
of their evolutionarily conserved similarities
to bacterial PAMPs (Zhang et al. 2010; Iyer
et al. 2013).

On the molecular level, the key regulator
of both acute and chronic inflammation is the
NF-kB signaling pathway controlled by its cen-
tral transcription factor, NF-kB (Ben-Neriah
and Karin 2011). PRR signaling induced by
PAMPs and DAMPs proceeds through a cascade
of biochemical events resulting in release of
NF-kB from its cytoplasmic inhibitor IkBa.
Once released from IkBa, NF-kB translocates
into the nucleus where it activates transcription

of numerous target genes whose products create
the physiological manifestations of inflam-
mation. NF-kB activation typically involves
up-regulation of antiapoptotic factors (e.g., c-
FLIP, Bcl-XL, A1/Bfl-1, c-IAPs, XIAP, TRAF1,
TRAF2) and antioxidants (e.g., MnSOD, fer-
ritin heavy chain, glutathione S-transferase,
metallothionein) that serve to increase the re-
sistance of cells to stresses (cell-intrinsic re-
sponses) (Luo et al. 2005).

NEF-kB signaling was shown to control both
cell proliferation (La Rosa et al. 1994; Guttridge
et al. 1999) and apoptosis (Perkins 1997). Ex-
trinsic effects of NF-kB activation include in-
creased production of endogenous antibacterial
factors, numerous cytokines and chemokines
involved in generating immune responses, and
adhesion molecules that mediate recruitment
of leukocytes to sites of inflammation (Karin
2009).

The NF-kB activation response is strong,
short lasting, and reversible under conditions
of acute inflammation. The NF-kB response is
shut down via a negative feedback loop mecha-
nism involving induction of the NF-«B inhibi-
tor, IkBa, which is encoded by a NF-kB-respon-
sive gene (Chiao et al. 1994; Ak and Levine
2010). In contrast, with chronic inflammation,
NF-kB activation is modest but long lasting.
This may be because of insufficient expression
of IkBa or reactivation of NF-kB by constitu-
tively present PAMPs or DAMPs resulting in
long-term oscillation of NF-kB pathway activity
(Chiao et al. 1994; Ak and Levine 2010).

Another inflammatory pathway that is not
triggered by NF-kB but is still NF-k B dependent
at its downstream stages is driven by type I in-
terferons (IFNs) including IFN-a and IFN-f.
This is a widely expressed family of effector
cytokines that promotes innate antiviral and
antibacterial immunity (Davidson et al. 2015).
Microbial gene products such as dsRNA,
ssRNA, dsDNA, ssDNA, or cell-wall constitu-
ents (PAMPs) bind to specific TLRs (Toll-like
receptors) to trigger type I IEN synthesis (Gon-
zalez-Navajas et al. 2012). Engagement of IFN
receptors up-regulates the JAK/STAT pathways
in which the transcription factor ISGF3 triggers
transcription of IFN-stimulated genes (ISGs)
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leading to an inflammatory response (Davidson
etal. 2015). Coupled with induction of antiviral
proteins, type I IFN also induces secretion of
cytokines and chemokines that promote inflam-
matory responses and pathways important for
clearance of infected cells. Moderate type I IFN
responses to infection are protective, whereas
excessive amounts of IFNs can contribute to
immunopathology (Davidson et al. 2015). In
contrast to “emergency” production of IFNs
induced by virus or bacterial infection, “physi-
ological” low levels of IFNs may be produced
continuously and may thus maintain physio-
logical functions, such as homeostasis of im-
mune cell activities and resistance to cancer
(Gonzalez-Navajas et al. 2012; Davidson et al.
2015). Aberrant production of endogenous
IFNs can also contribute to immunopathologies
such as autoimmune and inflammatory disor-
ders (e.g., inflammatory bowel disease, systemic
lupus erythematosus, psoriasis, and multiple
sclerosis) (Cheon et al. 2014). Increased endog-
enous IFN production can also have procancer
effects through induction of DNA damage—
resistant gene products in response to persistent
infection by DNA and RNA viruses or exposure
to DNA damaging agents such as UV light or
DNA damaging chemicals (Cheon et al. 2014).
Furthermore, the majority of malignant tumors
have constitutively active NF-kB (and therefore
should be considered as having chronic inflam-
mation), and their viability frequently depends
on this property (Karin 2006). Many of the sig-
naling pathways implicated in cancer are likely
networked to the activation of NF-kB (Karin
2009; Grivennikov et al. 2010).

CHRONIC INFLAMMATION AS A MAJOR
CANCER PREDISPOSITION FACTOR

Numerous correlations between chronic inflam-
mation and cancer have led to a well-accepted
paradigm of a causative relationship between the
two (recently reviewed in Gudkov et al. 2011).
Conditions of chronic inflammation leading to
cancer may be attributed to infectious patho-
gens such as Helicobacter pylori, which is associ-
ated with gastric cancer and MAILT-lymphoma
(Loffeld et al. 1990; Stolte 1992), Schistosoma

p53 and Carcinogenicity of Chronic Inflammation

haematobium, which is associated with bladder
cancer (Gelfand et al. 1967), and Opisthorchis
viverrini, which is associated with cholangio-
carcinoma (Schwartz 1980). Persistent viral
infection is thought to be a major cause of he-
patocellular carcinoma (HCC). About 90% of
HCC develops because of chronic infection by
various agents such as hepatitis B and hepatitis
C viruses (Sherlock et al. 1970; Kiyosawa
et al. 1984; Chang 2007; Rook and Dalgleish
2011). It was found that some viruses, such as
Epstein—Barr virus (EBV), human herpesvirus
8 (HHVS), human T-lymphotropic virus 1
(HTLV-1), and human papilloma virus (HPV),
can promote transformation of epithelial cells
by transducing dominant oncogenes, possibly
without involving inflammation. EBV is condi-
tionally responsible for several cancers such
as Hodgkin lymphoma, Burkitt lymphoma, na-
sopharyngeal carcinoma, and lymphoma in the
central nervous system (CNS) (James et al. 1997;
Coussens and Werb 2002; Kutok and Wang
2006). Degradation of p53 by HPV protein E6
may be an important factor in the development
of cervical cancer (Scheffner et al. 1990). Chron-
ic inflammation resulting from environmental
factors, such as exposure to asbestos, smoke, and
UV irradiation, are associated with lung and
skin cancer (Mossman et al. 2006; Vaid and Ka-
tiyar 2010). Support for the notion of inflam-
mation as a cancer predisposing factor is also
provided by examples of cancer development
from pathologies that involve noninfectious in-
flammatory conditions induced by imbalanced
immune regulation such as Barrett’s esophagitis,
chronic pancreatitis, inflammatory bowel dis-
eases (ulcerative colitis and Crohn’s disease),
or age-related chronic inflammation of prostate
tissue associated with secretion of proinflam-
matory factors by senescent cells (Goh et al.
2006; Karin 2006; Levine and Oren 2009; Lane
and Levine 2010; Goldstein et al. 2011; Gudkov
et al. 2011). Finally, numerous clinical studies
have revealed a strong correlation between
chronic inflammation and tumor formation
(Coussens and Werb 2002; Balkwill and Cous-
sens 2004; de Visser et al. 2006; Lin and Karin
2007), leading to estimations that >15% of
cancer cases might be caused by chronic inflam-
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mation (Kuper et al. 2000; Sunami and Wirth
2011). Hence, chronic inflammation is a power-
ful risk factor for cancer development with an
overall impact on cancer incidence exceeding
that of genetic predispositions (based on Na-
tional Cancer Institute data, inherited muta-
tions are thought to play a role in ~5%—10%
of all cancers).

INFLAMMATION CAN SUPPRESS
p53 FUNCTION

The mechanisms involved in translation of
chronic inflammation into cancer remain large-
ly hypothetical. One hypothesis is that changes
in the microenvironment associated with chron-
ic inflammation might enable unconstrained
growth of cells. The reversibility of primary gas-
tric adenocarcinomas following eradication of
H. pylori infection is an illustration of this pos-
sibility (Graham 2015). The polyclonal nature of
primary prostate cancer in elderly men suggests
that early stage prostate cancer developing on the
background of a chronically inflamed organ is
another example of this type of case (Logunov
etal. 2008). Another possible mechanism is that
activation of inflammation-driving pathways in
cells that are under constant influence of PAMPs
and/or DAMPs can interfere with the activity of
tumor-suppressor mechanisms, ultimately en-
abling accumulation of individual epigenetic
and genetic changes that can cause cancer. Anti-
apoptotic factors expressed by viruses, including
those known to be carcinogenic, illustrate this
type of mechanism (Thompson and Kurzrock
2004; Andoniou and Degli-Esposti 2006).
Regardless of the underlying mechanism(s),
however, the link between inflammation and
cancer suggests that inflammation, largely con-
trolled by NF-kB, must interfere with natural
tumor-suppressor mechanisms, of which p53
is the most important. Hence, an obvious hy-
pothesis is that the carcinogenicity of chronic
inflammation is due to p53 suppression by acti-
vated NF-kB.

The first support for this idea was provided
by our finding that the inactivation or atten-
uation of p53 function that is observed in can-
cers that retain wild-type p53 expression can

be imposed by constitutively active NF-kB.
Genetic or pharmacological inhibition of con-
stitutively active NF-kB in a variety of tumor-
derived cell lines resulted in activation of p53
function and tumor cell death via p53-depen-
dent apoptosis (Gurova et al. 2005). These find-
ings suggest that tumors that acquire activation
of NF-kB do not benefit further from p53 mu-
tations because wild-type p53 activity is already
“eliminated” through the activity of NF-«B,
which creates conditions phenotypically equiv-
alent to genetic p53 deficiency. This phenome-
non provided the rationale for development of
curaxins, anticancer drug candidates that are
capable of simultaneously suppressing NF-kB
and activating p53 (Gasparian et al. 2011) and
are currently in clinical trials (clinicaltrials.gov/
ct2 /show/NCT01905228).

This conclusion is supported by a series of
observations indicating that the effects of con-
stitutively active NF-kB in cell transformation
models in vitro are similar to those caused
by p53 suppression. One of the well-character-
ized tumor-suppressor functions of p53 is its
ARF-mediated response to the activation of
dominant oncogenes resulting in establishment
of premature senescence (Evan and d’Adda di
Fagagna 2009). If NF-kB activation leads to suf-
ficient suppression of p53 activity, one would
expect that under conditions of constitutively
active NF-kB cell transformation via oncogenic
Ras could occur even in the presence of wild-
type p53 expression. Our observations indicate
that mycoplasma infection (as a constitutive ex-
trinsic NF-kB activating agent) plays the role ofa
Pp53-suppressing oncogene that cooperates with
Ras in cell transformation and suggest that the
carcinogenic and mutagenic effects of myco-
plasma might be because of NF-kB-mediated
inhibition of p53 (Logunov et al. 2008; Barykova
et al. 2011). A clinical study showed that mico-
plasm (Mycoplasma hominis) was present three
times more frequently in patients with prostate
cancer than in those with benign prostatic hy-
perplasia (Barykova et al. 2011). In addition,
prostate cancer—positive men had higher titers
of antibodies against M. hominis, and average
PSA levels were higher in M. hominis—positive
men. These data, together with previous obser-
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vations linking mycoplasma infection with cell
transformation, genomic instability, and resis-
tance to apoptosis, suggest that M. hominis
infection may be involved in development of
prostate cancer and may, therefore, be a potential
diagnostic marker and/or target for improved
prevention and treatment of this disease.

The effects of live mycoplasma were partially
mimicked in vitro by a lipopeptide component
of the mycoplasma surface, the TLR2 agonist
R-Pam2. Supplementation of the cell-culture
medium with R-Pam2 resulted in a substantial
delay in the onset of replicative senescence in
mouse embryo fibroblasts, which is known to
be regulated by p53 (D Logunov, V Natarajan,
and AV Gudkov, unpubl.).

Sufficiency of NF-kB activation for over-
coming p53’s ability to trigger oncogene-in-
duced senescence was shown in our experiments
using a set of NF-kB-activating selectable pep-
tides (NASPs) (Natarajan et al. 2014). Transduc-
tion of NASPs into mouse and rat embryo
fibroblasts did not, in itself, alter their growth.
However, when coexpressed with oncogenic Ras
(H-RasV12), NASPs allowed rodent fibroblasts
to overcome H-RasV12-mediated, p53-depen-
dent senescence and acquire a transformed tu-
morigenic phenotype. Consistent with their
ability to cooperate with oncogenic Ras in cell
transformation, NASP expression reduced the
transactivation activity of p53. This experimen-
tal system provides an in vitro model of NF-«kB-
driven carcinogenesis and suggests that the
known carcinogenic effects of inflammation
may be at least partially because of NF-kB-me-
diated abrogation of oncogene-induced senes-
cence.

As described above, three different means of
mimicking the tumor-specific property of con-
stitutive NF-kB activation—(1) chronic infec-
tion (mycoplasma), (2) a pharmacological
agent (TLR2 agonist), and (3) NF-kB-activating
peptides—all show attenuation of p53 function
and establishment of permissive conditions for
transformation. These results clearly show that
NF-kB activation and establishment of inflam-
mation create a situation in which p53 can no
longer effectively exert its function as an eradi-
cator of transformation-prone cells (Fig. 1).

p53 and Carcinogenicity of Chronic Inflammation

However, despite the association between loss
of p53 function and cancer, short-term NF-
kB-mediated suppression of p53 is not carcino-
genic. Numerous concerns were originally
raised about the safety of p53-suppressive drugs,
but it is now clear that short-term, reversible
suppression of p53 does not translate into an
increased risk of cancer development (Komarov
et al. 1999; Christophorou et al. 2005, 2006).
The fact that short-term NF-kB induction is
not carcinogenic is supported by the absence
of any link between the occurrence of diseases
associated with acute inflammation and cancer.
Chronic inflammation, however, is a completely
different story because it exposes cells in in-
flamed tissues to a p53-deficient environment
for lengths of time sufficient for the acquisition
of genetic and epigenetic alterations supporting
advanced transformed phenotypes. This makes
chronic inflammation a dangerous pathophysi-
ological condition that is functionally equiva-
lent to a p53-suppressing oncogene.

p53 CAN SUPPRESS INFLAMMATION

The relationship between NF-kB and p53 is not
one of unidirectional regulation but rather re-
ciprocal regulation. There are a number of stud-
ies indicating that p53 is a negative regulator of
inflammation. First, a significant proportion of
tumor-prone p53-null mice (25%) die before
tumor development from unresolved inflam-
mation that results in abscesses, gastroenteritis,
or myocarditis, suggesting that innate immune
responses are deregulated in these mice (Done-
hower et al. 1992). In addition, manifestations
of autoimmune diseases, including collagen-
induced arthritis, and experimental autoim-
mune encephalitis and diabetes, were found to
be more severe in p53-deficient mice than in
wild-type mice (Yamanishi et al. 2002; Okuda
et al. 2003; Zheng et al. 2005; Park et al. 2013).
Park et al. (2013) showed that p53 acts as a
negative regulator of autoimmunity, not only
by modifying the immunological milieu via
suppressing inflammatory cytokines, but also
by directly controlling T-cell differentiation.
These data are consistent with a recent obser-
vation that mice lacking p53, especially in
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Figure 1. Models describing potential cellular mechanisms linking chronic inflammation and cancer develop-

ment. See explanations in the text.

combination with inactivation of the p53
downstream target, p21, spontaneously develop
autoimmunity (Salvador et al. 2002, 2005).
Accelerated growth of atherosclerotic
plaques was observed in p537/ -/ apoEf/ -
mice as compared with p53+/ +ap0E7/ ~ mice
and in low-density lipoprotein (LDL) receptor-
knockout mice that were lethally irradiated and
transplanted with bone marrow from p53~/~
mice as compared with the same mice trans-
planted with p53 wild-type bone marrow (Gue-
vara et al. 1999; van Vlijmen et al. 2001; von der

Thusen et al. 2002; Merched et al. 2003). The
observed acceleration in plaque growth was as-
sociated with increased invasion of activated
macrophages into the plaques. Similarly, ioniz-
ing radiation was shown to induce faster and
stronger invasion of inflammatory cells and
fibroblasts into damaged tissues in p53-null
mice than in wild-type mice (Komarova et al.
2004). Specificablation of the p53 gene in mouse
epidermis led to spontaneous development of
aggressive squamous cell carcinoma preceded
by inflammation (Martinez-Cruz et al. 2009).
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In addition, inflammatory infiltration of the
lung and subsequent disruption of alveolar ar-
chitecture caused by chronic exposure to the
DNA-damaging agent bleomycin was markedly
increased in p53-null mice and transgenic
mice expressing mutant p53 in the lung as com-
pared with wild-type mice (Davis et al. 2000;
Ghosh etal.2002). We also observed more severe
inflammatory responses and accelerated de-
velopment of fibrosis in the lung of p53~/~
mice as compared with wild-type mice after
+v-irradiation (EA Komarova and AV Gudkov,
unpubl.).

Consistent with the observations described
above, we found that p53 inhibits inflammation
by acting as an antagonist of NF-kB (Fig. 2)
(Komarova et al. 2005). This was first suggested
by our observation of striking similarities in
the global gene expression profiles of human
LNCaP prostate cancer cells transduced with a
p53-inhibitory genetic element or treated with
tumor necrosis factor (TNF). This data suggest-
ed that p53 inhibits transcription of TNF-in-
ducible genes, many of which are known to be
regulated by NF-kB (TNF is a known activator
of NF-kB). In support of this, ectopically ex-
pressed p53 was shown to inhibit transcription
from NF-kB-dependent promoters. Further-
more, suppression of inflammatory responses
by p53 was observed in vivo at the molecular
level (reduced transcription of genes encoding
cytokines and chemokines and reduced accu-
mulation of ROS in p53-null mice), the cellular
level (activation of macrophages and neutro-
phils and their hypersensitivity to lipopolysac-
charide [LPS] in p53-null mice), and the organ-
ismal level (high levels of metabolic markers
of inflammation in tissues of p53-null mice).
Later, similar results were described by Liu
et al. (2009) in a mouse model of LPS-induced
lung injury. Enhanced induction of NF-kB-de-
pendent cytokines was detected in the infected
p53’/7 mouse lung. Also, infected p537/7 mice
showed increased mortality associated with
aggravated lung injury (Madenspacher et al.
2013). Interestingly, p21-null mice have an over-
activated inflammatory phenotype that is simi-
lar to that of p53-null mice. This phenotype
included increased susceptibility to endotoxic

p53 and Carcinogenicity of Chronic Inflammation

shock and elevated serum levels of cytokines
(Scatizzi et al. 2009; Trakala et al. 2009).

It is interesting that mice with a P72R mu-
tation (substitution of proline 72 with arginine)
in their p53 gene have a markedly enhanced
response to inflammatory challenges, whereas,
in humans, codon-72 polymorphism is associ-
ated with a cancer-prone phenotype (Frank
et al. 2011). Also, mice that express hypomor-
phic R172P mutant p53 (a mutation that abro-
gates p53-mediated apoptosis while keeping
cell-cycle control intact) are more sensitive to
ultraviolet light—induced skin inflammation
than wild-type mice (Tavana et al. 2010).

It was shown that p53 can regulate polariza-
tion of macrophages in the M1 direction, which
is characterized by the expression of a wide
range of proinflammatory genes (Zheng et al.
2005; Liu et al. 2009). Recently, it was shown
that p53 activity was also increased when mac-
rophages were polarized to the M2 subtype,
which is characterized by expression of high
levels of anti-inflammatory and tissue repair
marker genes (Li et al. 2014). p53 activation
led to reduced expression of M2 genes. In con-
trast, increased expression of M2 genes was
apparent in M2-polarized macrophages from
p53-deficient and p53 mutant mice.

The most frequent p53 mutations observed
in human cancers are single amino acid substi-
tutions. These mutant p53 proteins often reach
high levels in cells because they are more stable
than the wild-type protein and may lead to a
cancer-promoting gain of function (Sigal and
Rotter 2000; Cadwell and Zambetti 2001).
This is supported by the finding that mutant
P53 “knock-in” mice displayed a broader tumor
spectrum and increased aggressiveness and met-
astatic potential than wild-type mice (Lang et al.
2004; Olive et al. 2004). Mutant p53 gain-of-
function may involve inhibition of cell death,
increased genomic instability, enhanced cell in-
vasion, and abnormal metabolism (Oren and
Rotter 2010; Muller and Vousden 2013). Recent-
ly, it was reported that expression of various p53
mutants correlated with increased NF-kB ex-
pression in cultured cells and in mouse models
(Scian et al. 2005; Gulati et al. 2006; Weisz et al.
2007). Analysis of human head and neck tumors
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and lung tumors revealed a close correlation
between the presence of abundant mutant p53
proteins and constitutive activation of NF-kB.
Also, elevated expression of NF-kB-dependent
chemokines, such as CXCL5, CXCLS8, and
CXCL12, was found in cells expressing several
p53 mutants (Yeudall et al. 2012). Mutant p53
enhanced activation of NF-kB by TNE and in-
hibition of endogenous mutant p53 sensitized
cancer cells to cytokine-induced death. It is
important that elevated mutant p53 protein
correlated with increased NF-kB activation in
human premalignant and malignant lesions
(Cooks et al. 2014). These findings suggest a
role for cooperation of mutant p53 and NF-«kB
in development of cancer under conditions
of chronic inflammation such as exposure to
inflammatory cytokines. One mechanism that
appears to contribute to this is that mutant
P53 can facilitate transcriptional activation of
NF-kB by promoting binding of p65 to kB sites
within chromatin (Schneider et al. 2010; Cooks
et al. 2013).

One well-documented link between chronic
inflammation and human cancer involves coli-
tis-associated colorectal cancer (Asquith and
Powrie 2010; Ullman and Itzkowitz 2011). In
contrast to sporadic colorectal cancer in which
P53 mutations play a tumor-promoting role, in
the colitis-associated form of the disease, p53
mutations are often observed very early, suggest-
ing that they play a tumor-initiating role (Hus-
sain et al. 2000; Ullman and Itzkowitz 2011).
Thus, the role of p53 mutations in driving colo-
rectal cancer may differ depending on the in-
flammatory microenviroment. Cooks et al.
(2013) showed that mutant p53 (p53R273H)
prolonged TNF-a-induced NF-kB activation
in cultured cells and intestinal organoid cul-
tures, suggesting that specific mutations in p53
not only abolished the anti-inflammatory prop-
erties of wild-type p53 but also actively intensi-
fied and prolonged the inflammatory response.
Exposure of mice harboring a germline G515A
P53 mutation (Lang et al. 2004) to dextran sul-
fate sodium (DSS) resulted in development of
severe chronic inflammation and persistent tis-
sue damage, and greatly increased the incidence
of inflammation-associated colon cancer. This

p53 and Carcinogenicity of Chronic Inflammation

P53 gain-of-function mutation led to rapid on-
set of flat dysplastic lesions that progressed to
invasive carcinoma with mutant p53 accumula-
tion and augmented NF-kB activation, faithful-
ly recapitulating features frequently observed in
human colitis-associated colorectal cancer.

The majority of observations described
above indicate that p53 can act as an attenuator
of inflammation in vivo through its ability to
suppress the activity of NF-kB. This role is con-
sistent with both the tumor-suppressor func-
tion of p53 (because chronic inflammation is
frequently associated with tumorigenesis) and
the constitutive activation of NF-kB that is
commonly observed in tumors, the majority
of which are p53-deficient.

Recently, another anti-inflammatory func-
tion of p53 that is independent on its antago-
nistic relationships with NF-kB was discovered.
P53 was found to play a major role, along with
DNA methylation, in epigenetic transcriptional
silencing of repetitive DNA retroelements and
certain classes of satellite DNA (Leonova et al.
2013). DNA hypomethylation in the absence of
p53 results in massive transcription of these
normally silent classes of repeats, leading to gen-
eration of large amounts of double-stranded
RNA, which activates a suicidal type I IEN re-
sponse (a phenomenon named “transcription
of repeats activates IFN” [TRAIN]) (Fig. 3).
Tumors with impaired p53 function frequently
acquire constitutively active but nonfunctional
IFN signaling. This newly identified p53 func-
tion could contribute to its tumor-suppressor
activity because it protects cells from the risk
of insertional mutagenesis associated with
derepression of retrotransposons (Leonova
et al. 2013). These observations allow p53 to
be defined as a repressor of [FN-mediated in-
flammation driven by expression of virus-like
RNA species.

MOLECULAR MECHANISMS OF MUTUAL
NEGATIVE REGULATION OF p53 AND NF-«B

Given the generally opposite nature of the re-
sponses initiated by p53 and NF-kB, there is a
clear physiological need to coordinately regu-
late their relative activities to best serve the or-
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Figure 3. Scheme of regulation of epigenetic transcriptional silencing of DNA repeats and inflammatory
consequences of its deregulation by hypomethylation of DNA in the cells with impaired p53 function (Leonova
et al. 2013). dsRNA, double-stranded RNA; IFN, interferon.

ganism. Cross talk between the p53 and NF-«kB
pathways occurs on multiple levels and the
results of this cross talk depend on the specific
cellular context and stress stimulus (Fig. 4)
(Schneider and Kramer 2011). Cooperation
(rather than the expected antagonism) of p53
and NF-kB has been reported in some cell sys-
tems. For example, under some specific condi-
tions, the typically prosurvival factor NF-kB
can actually promote cell death (Campbell
et al. 2004; Janssens and Tschopp 2006; Strozyk
et al. 2006) and proapoptotic p53 can promote
cell survival (Lassus et al. 1996; Ryan et al. 2000
Janicke et al. 2008). It was shown that in re-
sponse to double-strand DNA breaks p53 and
NF-kB were coordinately activated and contrib-
uted together to the resultant changes in gene
expression (Elkon et al. 2005). Cross talk be-
tween p53 and NF-kB might also be necessary
for full activation of NF-kB in response to cer-
tain types of stimuli such as TNF-a (Schneider
and Kramer 2011). This positive cooperation

with NF-kB seems to be stronger for p53 mu-
tants than the wild-type protein, providing a
potential explanation for the fact that p53 mu-
tants are much more frequently observed in
cancer than p53 deletions (Schneider et al.
2010; Hoesel and Schmid 2013). p53 and NF-
kB also cooperated in the induction of onco-
gene-induced senescence, in which NF-kB pro-
moted clearance of oncogene-expressing cells
by the immune system (Chien et al. 2011; Hoe-
sel and Schmid 2013). However, as described in
the preceding sections, the more commonly
observed relationship between NF-kB and p53
is antagonistic (Scian et al. 2005; Lee et al. 2007;
Weisz et al. 2007; Szoltysek et al. 2008).
Despite substantial research efforts in this
area, our understanding of the mechanisms
that regulate p53/NF-kB cross talk remains
limited. One possibility is that p53 and NF-kB
repress the activities of each other through
competition for limited pools of the histone
acetyltransferase enzymes p300/CREB-binding
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Figure 4. Schematic model summarizing molecular mechanisms that underlie mutual negative regulation of p53
and NF-kB. Listed are the major properties of p53 and NF-«kB showing opposite biological functions of these
pathways. See explanations in the text. CBP, CREB-binding protein.

protein (CBP) (Ravi et al. 1998; Wadgaonkar
et al. 1999; Webster and Perkins 1999; Ikeda
et al. 2000). This possibility is supported by
the demonstration that both p53 and NF-«kB
physically interact with CBP and require such
interaction for maximal activity (Avantaggiati
et al. 1997; Gerritsen et al. 1997). Next, the tu-
mor suppressor ARFE, which raises p53 levels and
activity through inhibition of Mdm2 (Honda
and Yasuda 1999), can block NF-kB activity
through activation of the ATR/CHK-1 DNA
damage signaling complex (Eymin et al.
2006). ATR /CHK-1-mediated phosphorylation
of NF-kB inhibits its ability to transcribe genes
(Rocha et al. 2005). p53 can also restrict activa-

tion of the IKK-B—-NF-kB pathway through
suppression of glycolysis (Kawauchi et al.
2008, 2009; Ak and Levine 2010). In contrast
to NF-kB transcriptional activity that favors
increased glucose uptake, p53 activity results
in reduced glucose uptake (Kawauchi et al.
2008). It was shown that absence of p53 leads
to up-regulated expression of the glucose trans-
porter GLUT3 (Kawauchi et al. 2008). In con-
trast, activation of p53 has been linked to
reduced expression of several glycolysis-reg-
ulating factors, including glucose transport-
ers (Schwartzenberg-Bar-Yoseph et al. 2004).
Knockin mice with the P72 variant in p53
gene displayed increased NF-kB-dependent in-
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flammatory gene expression, with increased
chromatin association of the p65 subunit of
NF-«B and enhanced response to lipopolysac-
charide challenge (Frank et al. 2011). Recent
data indicates that mutant p53 elevates expres-
sion of p52 NF-kB by inducing acetylation of
histones via recruitment of CBP and Stat2 on
its promoter via CBP-mediated acetylation
(Vaughan et al. 2012).

A number of mechanisms have been de-
scribed by which NF-kB can shut down p53
activity and p53 responses (Scian et al. 2005;
Lee et al. 2007; Weisz et al. 2007; Szoltysek
et al. 2008). Among documented models ex-
plaining NF-kB-mediated negative regulation
of p53 is NF-kB-dependent up-regulation of
the levels of the major p53 inhibitor, Mdm2,
which is an E3 ubiquitin ligase that directs
P53 degradation (Tergaonkar et al. 2002; Egan
et al. 2004; Kashatus et al. 2006). Conversely, in
the absence of p53, Mdm?2 directly increases p65
promoter activity (Gu et al. 2002). It is known
that AKT-1 protein kinase is activated through
phosphoinositide-3-kinase (PI3K) pathway sig-
naling (Alessi et al. 1997; Franke et al. 1997;
Yang et al. 2004). Engagement of the PI3K path-
way leading to activation of AKT-1 favors NF-
KB signaling while suppressing p53 signaling
(Bai et al. 2009). This occurs in part through
AKT-1-mediated phosphorylation of IKK pro-
tein, which increases its activity and activates
NF-kB. The inhibitory effect of PI3K/AKT-1
signaling on p53 activity can involve AKT-1-
mediated phosphorylation and inactivation of
p53-regulated proapoptotic factors (Datta et al.
1997) as well as AKT-1-mediated phosphoryla-
tion of Mdm?2 (Ogawara et al. 2002), which in-
creases p53 degradation. Other studies showed
that IKK-a-induced CBP phosphorylation
switches CBP’s binding preference from p53
to NF-kB, which results in increased NF-kB-
dependent transcription and decreased p53-de-
pendent transcription (Webster and Perkins
1999; Huang et al. 2007; Tergaonkar and Perkins
2007). It is important to note that IKK-a was
also found to negatively regulate p53 function
through an alternative mechanism involving
NF-kB subunit p52 (Schumm et al. 2006;
Shen and Tergaonkar 2009). It is known that

the IkB kinase (IKK) complex activates NF-kB
by phosphorylating its inhibitor IkB (Cooks
et al. 2014). Also, IKK-B, a major component
of the NF-kB pathway, can phosphorylate p53
leading to its ubiquitination and Mdm2-inde-
pendent proteosomal degradation (Ikeda et al.
20005 Xia et al. 2009). Thus, it is possible that
IKK-B, which is constitutively activated by ex-
trinsic mediators of chronic inflammation (cy-
tokines), might cause long-term inhibition of
P53 activity.

Products of NF-kB-responsive genes can
also suppress p53 function by acting against
its downstream targets. For example, NF-«kB-
induced antiapoptotic factors can neutralize
the effects of proapoptotic products induced
by p53 (Perkins 2007). Also, proinflammatory
NF-kB-induced cytokines (such as interleukin
[IL]-6 and migration inhibitory factor[MIF])
may suppress p53’s transcriptional activity
(Yonish-Rouach et al. 1991; Hudson et al.
1999; O’Prey et al. 2010).

In summary, the antagonism between p53
and NF-kB is likely regulated on multiple levels
and through engagement of multiple mecha-
nisms. It is important to underscore that, once
NF-kB becomes constitutively active, p53 func-
tion is suppressed to the extent that it is no
longer able to act as a tumor suppressor.

p53 AND SENESCENCE-RELATED
CHRONIC INFLAMMATION: ROLE
IN AGING AND CANCER

A gradual increase in systemic inflammation is
one of the universal hallmarks of aging (inflam-
maging) (Franceschi et al. 2000a; Franceschi
and Campisi 2014). Signs of this include eleva-
tion of serum cytokine levels, infiltration of
immunocytes into tissues, and a high frequency
of inflammation-associated diseases in elderly
subjects (Schiffrin et al. 2010), which are all
indicative of elevated NF-kB activity. Consistent
with this and the reciprocal negative regulation
of NF-kB and p53, the activity of p53 in mouse
tissues gradually declines with age (Donehower
2009). As mentioned above, “inflammaging”
may result from multiple causes, such as accu-
mulation of products from damaged cells and
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organelles (mitochondria) or products of oral
and gut microbiota, age-related changes to the
immune and coagulation systems, and defective
autophagy responses (Medzhitov 2008; Lopez-
Otin et al. 2013; Franceschi and Campisi 2014).
These alterations result in enhanced activation
of the NLRP3 inflammasome and other proin-
flammatory pathways, ultimately leading to in-
creased production of IL-1B, TNE and IFNs
(Lopez-Otin et al. 2013; Franceschi and Cam-
pisi 2014).

Cellular senescence is another important
contributor to age-related inflammation (Fig.
1). Senescence is an epigenetic reprogramming
of cells occurring in response to damage and
stress and is characterized by irreversible growth
arrest. A potent inducer of senescence is the
response to DNA damage, and activation of
the p53/21 pathway. Similar molecular events
accompany establishment of senescence in
normal cells transduced with oncogenic Ras—
another senescence-inducing type of stress (Ser-
rano et al. 1997).

Although p53-mediated growth arrest is an
essential trigger for conversion of cells into a
senescent state, additional events are required
to make this arrest irreversible, such as the acti-
vation of the p16INK4a/pRB pathway (Beause-
jour et al. 2003). Involvement of mechanistic
target of rapamycin (mTOR) pathway activity
in the decision between reversible growth arrest
and senescence is supported by the finding that
the mTOR inhibitor rapamycin suppressed es-
tablishment of senescence (Demidenko et al.
2010; Korotchkina et al. 2010; Leontieva and
Blagosklonny 2010). The inhibitory effect of
p53 on mTOR is the most likely explanation
for the antisenescence activity of p53 observed
in several models (Demidenko et al. 2010; Ko-
rotchkina et al. 2010; Leontieva and Blago-
sklonny 2010). It is widely accepted that entry
into a senescent state is one of the p53/Rb-de-
pendent tumor-suppressor mechanisms that
prevents malignant transformation and cancer
by preventing proliferation of cells with a com-
promised genome or malfunctioning proto-
oncogenes (Dimauro and David 2010).

Senescence is also characterized by acquisi-
tion of a so-called senescence-associated secre-

p53 and Carcinogenicity of Chronic Inflammation

tory phenotype (SASP)—constant secretion of
a specific set of proinflammatory cytokines
driven by constitutively active NF-kB (Campisi
and Robert 2014). A normal physiological func-
tion of SASP has recently been suggested based
on observations of a wound-healing role of
senescent cells (Demaria et al. 2014). In addi-
tion, senescent cells sharing features of onco-
gene-induced senescence and SASP are present
in embryos (Munoz-Espin et al. 2013; Storer
et al. 2013). These discoveries suggest that cel-
lular senescence is a form of terminal differen-
tiation contributing to normal development
and tissue regeneration.

Persistent senescent cells are also thought to
drive aging and age-associated pathologies be-
cause of their SASP involving secretion of nu-
merous proinflammatory cytokines that modify
the tissue microenvironment and alter the func-
tion of nearby cells (Campisi and Robert 2014).
NF-kB-driven transcription of cytokines and
chemokines is a major component of this phe-
notype, determining, at least in part, the phe-
nomenon of age-associated chronic inflam-
mation (Chien et al. 2011). Senescent cells
accumulate with age in many tissues. Using in-
dicators of DNA-damage response and senes-
cence-associated [3-galactosidase expression as
markers of senescent cells, an increase in the
proportion of senescent cells with age was found
in liver, skin, lung, and spleen of mice (Wang
et al. 2009). No accumulation of senescent cells
was found in heart, skeletal muscle, and kidney,
which suggests that cellular senescence is not a
general property of all tissues in aged organisms.

The potential importance of senescent cells
in physiological aging is supported by a recent
study showing absence of cellular senescence in
naked mole rats, an exceptionally long-living
rodent (Gorbunova et al. 2014). p53 deficiency
greatly reduced the onset of premature aging
in two genetic models of premature aging in
mice (Cao et al. 2003; Varela et al. 2005). An
even stronger argument was presented by Baker
et al. (2011), who showed signs of reversion
of several traits of progeroid phenotypes of mu-
tant mice following pharmacological eradica-
tion of accumulated senescent cells expressing
pl6INK4a.
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Thus, the same mechanism by which p53
promotes a long cancer-free life and effective
wound healing (induction of cellular senes-
cence) can actually become the source of pro-
carcinogenic chronic systemic inflammation in
aged organisms through excessive accumulation
of senescent cells. This defines two roles for p53
in longevity, the relative impact of which grad-
ually changes during the life of a mammal: (1)
p53 reduces the risk of death from cancer in
young organisms; but (2) with time, side effects
of p53’s senescence-inducing activity are trans-
lated into chronic systemic inflammation that
accelerates aging and provokes carcinogenicity.

This dual role of p53 is reflected by seem-
ingly controversial observations of the pheno-
types of mice with deregulated expression of
p53. For example, the increased p53 gene dose
in transgenic “super p53” mice carrying an ex-
tra copy of the p53 gene significantly protected
them from cancer and did not result in prema-
ture aging (Garcia-Cao et al. 2002). Similarly,
“super Ink4a/Arf” mice carrying an extra trans-
genic copy of the entire Ink4a/Arf locus have
elevated p53 activity and show higher resistance
to cancer than wild-type mice and normal aging
and life span as well (Matheu et al. 2004). Con-
sistent with this, mice in which Mdm?2 expres-
sion was genetically reduced had a normal life
span and were resistant to tumor development
(Mendrysa et al. 2003, 2006). However, mice,
in which overexpression of p53 was accom-
panied by an imbalance in the normal ratios
of different p53 isoforms, showed an alarming
premature aging phenotype (Maier et al. 2004).
Also, several knockout and transgenic mouse
lines that showed increased p53 activity had pre-
mature aging phenotypes (Matheu et al. 2008;
Hinkal et al. 2009). In some cases, these aging
phenotypes were partially rescued by reduction
of the p53 dosage (Purdie et al. 1994; Done-
hower 2002).

These facts fit the following model. Senes-
cent cells accumulate in tissues as a result of a
two-step process. The first step (quiescence) is
driven by p53-mediated growth arrest in re-
sponse to aberrant proto-oncogene pathway
activation and oxidative stress causing DNA
damage. The second step makes growth arrest

irreversible. It involves p16/Rb activation, de-
pends on metabolic stimulation of quiescent
cells, and requires mTOR/AKT activity; it can
be effectively suppressed by the mTOR inhibitor
rapamycin and by nongenotoxic activation of
p53 (with Nutlin-3A) (Demidenko et al. 2010;
Korotchkina et al. 2010; Leontieva and Blago-
sklonny 2010). The role of p53 is twofold: on one
hand, it recruits cells into a quiescent state and,
on the other hand, it inhibits their transition
into senescence by suppressing mTOR/AKT
pathway activity. With age, the proportion of
senescent cells in tissues gradually increases,
leading to elevated tissue concentrations of
their secreted products (SASP) and establish-
ment of inflammation. Inflammation, in turn,
inhibits p53 activities, including its suppression
of NF-kB and mTOR, and thereby elevates risk
of cancer.

The proposed model accommodates Judy
Campisi’s hypothesis linking aging with the
SASP of accumulating senescent cells (Coppe
et al. 2008), indications of a general decline in
p53 function in aging tissues (Feng et al. 2007),
the phenomenon of p53 suppression by NF-kB,
and two distinct roles of p53: (1) its role as a
suppressor of senescence via inhibition of
mTOR/AKT (Feng et al. 2008; Feng and Levine
2010); and (2) its role as an inducer of growth
arrest in response to oxidative or oncogenic
stresses, which can eventually lead to irrevers-
ible senescence (Levine et al. 2006; Evan and
d’Adda di Fagagna 2009). Moreover, this model
provides a mechanistic basis for the observed
age-related increase in cancer incidence, linking
it to inflammation-mediated p53 suppression.
It is consistent with the anti-aging effects of the
mTOR inhibitor rapamycin, anti-inflammatory
agents, and antioxidants, but clearly shows that
these agents may be useful only for prophylaxis,
not reversion, of aging-related syndromes. This
model also predicts that restoration of p53 func-
tion by targeting the mechanism of NF-kB-me-
diated p53 suppression has the potential to slow
down self-accelerating age-associated inflam-
mation.

Accumulating evidence indicates that cellu-
lar senescence and associated inflammation can
have a carcinogenic effect even outside of the
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context of aging. Senescent cells cocultured with
tumor cells greatly facilitate tumor cell growth
(Coppe et al. 2010a). Also, xenotransplantation
of senescent cells with fully malignant cancer
cells significantly accelerates the rate of tumor
formation in mice (Liu and Hornsby 2007; Bha-
tia et al. 2008; Bartholomew et al. 2009; Coppe
et al. 2010b). Recent work by Pribluda et al.
(2013) showed that low-grade inflammation in
stressed epithelium promoted tumorigenesis
driven by cells with impaired p53 function.
Treatment of mice with anti-inflammatory
agents suppressed the senescence-induced in-
flammation and prevented carcinogenesis, con-
stituting, as suggested by the investigators, a key
mechanism in the anticarcinogenic effects of
nonsteroidal anti-inflammatory drugs.

TARGETING THE MUTUAL ANTAGONISM
OF p53 AND NF-kB TO TREAT DISEASES

Abnormal acute activity of p53 or NF-«B path-
ways can lead to lethal pathologies. Excessive
induction of NF-kB, which can result from ex-
posure to powerful microbial agonists of innate
immunity receptors or injection of large doses
of proinflammatory cytokines, can produce se-
vere systemic acute inflammation known as sep-
tic shock, one of the most frequent causes of
human death (Gustot 2011). Activation of p53
following systemic genotoxic stress caused by
ionizing radiation or treatment with cytotoxic
chemotherapeutic drugs results in massive p53-
dependent apoptosis in sensitive tissues (Gud-
kov and Komarova 2010), which can result in
development of acute radiation syndrome or

W
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severe side effects of cancer treatment (Gudkov
and Komarova 2005). Chronic deregulation of
either the p53 or NF-«kB pathways can also be
pathogenic. As previously mentioned, constitu-
tive activation of NF-kB by extrinsic or intrinsic
stimuli is the cause of diseases associated with
chronic inflammation (Karin et al. 2002; Karin
2006). On the other hand, deficiencies in differ-
ent branches of NF-«B signaling results in im-
munodeficiency. Even partial genetic deficiency
in p53 function produces cancer-prone condi-
tions in patients with Li—Fraumeni syndrome
(Palmero et al. 2010).

Therefore, p53 and NF-kB inhibitors could
have a substantial clinical impact for prevention
and/or treatment of a number of serious pa-
thologies (Dey et al. 2008; Coupienne et al.
2011; Suzuki et al. 2011). Moreover, the recip-
rocal negative regulation of p53 and NF-kB pre-
sents a potential opportunity for modulating
the activity of each of these pathways by phar-
macological targeting of its counterpart.

This is supported by our demonstration that
acute radiation syndrome largely driven by p53-
mediated apoptosis (Gudkov and Komarova
2010) and preventable by pharmacological in-
hibition of p53 (Komarov et al. 1999; Strom
et al. 2006) can be effectively prevented and
mitigated by NF-kB activators (Fig. 5). Specif-
ically, we found that agonists of TLR2 (lipopep-
tides of mycoplasma) and, even more so, TLR5
(flagellin proteins of Gram-negative bacteria)
act as powerful radioprotectants in mice (Bur-
delya et al. 2008; Shakhov et al. 2012). We de-
veloped a pharmacologically optimized deriva-
tive of Salmonella flagellin (named entolimod

CBLB612 >TLR2 —»

CBLB502 (entolimod)>TLR5 —»| inflammation

T 53 . Acute radiation syndrome Morbidity
P > Apoptosis > Cancer treatment toxicity > Death
Short—term ' .| Regeneration, proliferation, and Recovery
T NF-xB ”| differentiation-inducing cytokines Survival

Figure 5. Short-term activation of NF-kB can neutralize tissue damage mediated by p53-dependent apoptosis
following systemic genotoxic stress (ionizing radiation, chemotherapy with DNA-damaging agents). The scheme
is applicable to radiosensitive tissues (e.g., hematopoietic system or epithelium of gastrointestinal [GI] tract).
CBLB612 is a synthetic lipopeptide, TLR2 agonist, that mimics the activity of mycoplasma lipopeptide (Shakhov
etal. 2010). CBLB502 (entolimod) is a recombinant protein, derivative of Salmonella flagellin, agonist of TLR5

(Burdelya et al. 2008).
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or CBLB502) and showed that it both protects
against and mitigates radiation damage to the
hematopoietic (HP) and gastrointestinal (GI)
systems of lethally irradiated mice and Rhesus
macaques (Burdelya et al. 2008). Dramatically
improved survival of entolimod-treated irra-
diated animals was associated with strong
suppression of p53-dependent apoptosis of
HP precursors in the bone marrow and GI
precursors in crypts of the small intestine (Bur-
delya et al. 2008), thus showing that the TLR5
agonist indeed acted as a suppressor of p53
function. Entolimod is currently in clinical
development as a radiation antidote for use dur-
ing nuclear emergencies and as a combined sup-
portive care and immunotherapeutic drug for
cancer patients (clinicaltrials.gov/ct2/show/
NCT01527136). Importantly, radioprotection
by both NF-kB-inducing TLR agonists such as
entolimod and p53 inhibitors is not associated
with any detectable increase in cancer frequency
,indicating that short-term reversible inhibition
of p53 function is safe (Komarov et al. 1999;
Leonova et al. 2010).

On the other hand, stimulation of the
NEF-kB-suppressive activity of p53 can be con-
sidered as a strategy for treatment of diseases
associated with excessive inflammation. The
feasibility of this approach is supported by the
properties of Nutlin-3A, a small molecule in-
hibitor of p53—Mdm? interaction that is capa-
ble of nongenotoxic activation of p53 (Vassilev
et al. 2004). Pharmacological agents acting
through this mechanism are currently in clinical
trials in cancer patients (Shangary and Wang
2008). Anti-inflammatory effects of Nutlin-3A
were shown in vitro and in vivo (Dey et al. 2007;
Groskreutz et al. 2007; Liu et al. 2009).

The mechanism of NF-kB-dependent p53
suppression frequently acquired by tumors
(Gurova et al. 2005) opens the opportunity for
development of anticancer drugs capable of si-
multaneous suppression of NF-kB and activa-
tion of p53. Such multitargeted drugs would
be expected to have strong efficacy, broad ap-
plicability, and a low risk of drug-resistance
development. The first drug candidate with
this combination of properties, named curaxin
CBLO0137 (Gasparian et al. 2011), is currently

in phase I clinical trials (clinicaltrials.gov/ct2/
show/NCT0190522).

CONCLUDING REMARKS

Chronic inflammation is a major, if not “the”
major, challenge that can potentially prevent
p53 from exerting its tumor-suppressor func-
tion. Through long-term disabling of p53, the
prolonged NF-kB activation associated with
chronic inflammation can dramatically increase
the risk of cancer development. Why would evo-
lution tolerate or even support suppression of
an organism’s major tumor-suppressor mecha-
nism (p53 signaling) by its inflammatory re-
sponse mechanism (NF-«B signaling)? As dis-
cussed in this review, accumulated evidence
suggests that the answer to this question lies in
the difficulty of coordinating organismal reac-
tions to two types of stresses that require largely
opposite types of responses (Fig. 4). p53 is the
major cellular responder for intrinsic stress sig-
nals (e.g., DNA damage, oncogene expression,
spindle poisoning, telomere shortening) for
which a proapoptotic, antiproliferative out-
come is the most beneficial to the organism
(Cooks et al. 2014). Propagation of intrinsically
damaged cells is restricted by internal cell deci-
sions driven by p53. On the other hand, NF-kB
is the major cellular responder for extrinsic
stress signals (e.g., presence of infectious agents
or traces—direct or indirect—of their pres-
ence). An altruistic self-restrictive and self-
punishing response that may be appropriate
for intrinsic disasters is not a rational strategy
for responding to an extrinsic attack, which re-
quires mobilization of all internal and exter-
nal protective mechanisms. Hence, the benefit
of suppression of p53 function by activated
NEF-kB for the organism likely lies in giving pri-
ority to the prosurvival pathway under condi-
tions of the most severe stress. In fact, NF-kB
responses deal with situations of extreme emer-
gency (extrinsic assault by a variety of infectious
agents), whereas p53 responses are aimed at
preventing the more delayed, albeit at least
equally serious, problem of cancer develop-
ment. Hence, one would expect that under con-
ditions requiring an NF-kB response (e.g., acute
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infectious disease), it would beneficial to impair
p53 function to reduce unnecessary cell losses
that might otherwise occur in tissues prone to
p53-dependent apoptosis because of toxicities
associated with infection. Unfortunately, what
appears to have been originally designed by na-
ture for rational and effective prioritization of
responses to different types of stresses can pro-
duce disastrous outcomes when the mechanism
of NF-«kB-driven p53 suppression is misused
and deregulated—as happens under conditions
of chronic inflammation. However, by contin-
uing to improve our understanding of this ap-
parent flaw in the organization of mammalian
organisms’ resistance to cancer, we will be able
to devise new strategies to rationally disrupt the
connection between chronic inflammation and
cancer development and potentially reduce the
incidence of cancer.
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