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Abstract

Numerous observations indicate a strong link between chronic inflammation and cancer. This link is supported by substantial experimental evidence 
indicating mutual negative regulation of NF-κB, the major regulator of inflammation, and p53, the major tumor suppressor. This antagonistic relationship 
reflects the opposite principles of the physiological responses driven by these transcription factors, which act as sensors and mediators of intrinsic 
and extrinsic cell stresses, respectively. Constitutive activation of NF-κB, the underlying cause of chronic inflammation, is a common acquired 
characteristic of tumors. A variety of experimental methods have been used to demonstrate that constitutive activation of NF-κB reduces the tumor 
suppressor activity of p53, thereby creating permissive conditions for dominant oncogene-mediated transformation. Loss of p53 activity is also a 
characteristic of the majority of tumors and results in unleashed inflammatory responses due to loss of p53-mediated NF-κB suppression. On the 
other hand, in natural or pharmacological situations of enforced p53 activation, NF-κB activity, inflammation, and immune responses are reduced, 
resulting in different pathologies. It is likely that the chronic inflammation that is commonly acquired in various tissues of older mammals leads to 
general suppression of p53 function, which would explain the increased risk of cancer observed in aging animals and humans. Although the molecular 
mechanisms underlying reciprocal negative regulation of p53 and NF-κB remain to be deciphered, this phenomenon has important implications for 
pharmacological prevention of cancer and aging and for new approaches to control inflammation.
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Inflammation and  
Cancer Development

At the dawn of cancer research, cancer 
was first assigned to the category of dis-
eases caused by infectious agents. 
Indeed, the first cancer-related Nobel 
Prize was awarded for work supporting 
the theory of helminthes being cancer-
causing agents.1 This and a number of 
other similar theories were eventually 
either disproved or defined as laboratory 
observations with no direct relevance to 
human diseases (e.g., recombinant retro-
viruses transducing dominant onco-
genes). Yet there remain a handful of 
infectious agents whose link to cancer is 
well proven and are capable of inducing 
transformation directly by transducing 
cells with dominant oncogenes. These 
include the lymphotropic oncogenic 
viruses (Epstein-Barr virus, human her-
pesvirus 8, and human T-lymphotropic 
virus 1) and human papilloma viruses, 
which promote transformation of epithe-
lial cells and significantly contribute to 
head and neck, anal, and cervical cancer 
development. The role of infectious 
agents in cancer is much broader than 

indicated by these few cases, however. 
There are abundant examples of infec-
tious agents that do not directly cause 
cell transformation but are nevertheless 
clearly associated with increased fre-
quency of development of certain types 
of cancer. These include microbes repre-
senting different kingdoms of life such 
as Helicobacter pylori, which is associ-
ated with gastric cancer and MALT-lym-
phoma2,3; Schistosoma haematobium, 
which is associated with bladder can-
cer4; Opisthorchis viverrini, which is 
associated with cholangiocarcinoma5; 
hepatitis B and C viruses, which are 
associated with liver cancer6-8; and many 
others (for review, see Rook and Dal-
gleish9). The only unifying theme among 
this diverse group of pathogens is their 
ability to cause long-lasting, frequently 
latent infections accompanied by mild 
chronic inflammation that may last for 
years with no or minimal symptoms. 
This suggests that it is not the microor-
ganisms themselves but rather the 
chronic inflammation that they cause 
that is a cancer predisposing factor. Fur-
ther support for this idea is the fact that 
some other pathogens that used to cause 

severe acute human diseases but now, 
due to medical advances, cause relatively 
benign chronic infections are associated 
with cancers originating from the infected 
tissues. Examples of this include the 
association of lung cancer with Mycobac-
terium tuberculosis and Chlamydophila 
pneumoniae infection,10-12 colorectal  
cancer with Streptococcus bovis and 
Staphylococcus infection,13,14 and gall-
bladder cancer with chronic Salmonella 
typhimurium infection.13

Another group of facts pointing to 
inflammation as a cancer predisposing 
factor are examples of cancer outgrowth 
from pathologies that involve noninfec-
tious inflammatory conditions such as 
Barrett’s esophagitis, chronic pancreati-
tis, inflammatory bowel diseases (ulcer-
ative colitis and Crohn’s disease), 
age-related inflammation of prostate tis-
sue, and so on.15-18 Finally, many cancer-
inducing factors that were originally 
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assumed to cause cancer through physi-
cal or chemical damage to tissues (e.g., 
smoking, asbestos inhalation, etc.) also 
cause chronic inflammation, and the 
contribution of such inflammation to 
induction of cancer in these patients 
needs to be further evaluated.19,20

Inflammation is a complex condition 
that involves a spectrum of local and 
systemic changes in tissues associated 
with ongoing immune responses. It 
involves changes in the activity of mul-
tiple pathways in virtually all cells 
within the inflamed area. These changes 
are caused by interaction of cellular 
receptors with numerous secreted inflam-
mation-associated humoral factors. Sig-
nificant changes occur in the cellular 
content of inflamed tissues since humoral 
factors produced at the site of inflamma-
tion attract various components of the 
immune system. Invasion of these com-
ponents into the tissue further contributes 
to alteration of the microenvironment by 
adding new types of humoral, as well as 
cell-cell, interactions. Inflammation is 
frequently associated with an increased 
local concentration of reactive oxygen 
species and with tissue damage caused by 
infiltrating immunocytes and their prod-
ucts. These events may trigger tissue 
regeneration processes that add even 
more complexity to an already extremely 
complex condition.

What are the tumor-promoting fac-
tors within this dynamic mixture of 
molecular, cellular, and physiological 
events taking place in inflamed tissues? 
Is there any common denominator that is 
responsible for the elevated risk of a car-
cinogenic process originating from 
chronic inflammation? After reviewing 
the bulk of information relevant to 
inflammation, one can conclude that 
there is one central component involved 
in all inflammation-associated condi-
tions, regardless of whether they are 
caused by an infectious agent or not, and 
in all signal transduction pathways acti-
vated during inflammation. This central 
component is the transcription factor, 
NF-κB.21 In fact, NF-κB is involved in 
all stages of inflammation: It collects 

information about damage directly from 
pathogens via PAMP (pathogen-associ-
ated molecular pattern) receptors or 
from damaged cells via signaling of 
DAMP (damage-associated molecular 
pattern) produced by dead cells through 
the same or similar PAMP receptors.22 
Following its activation by ligand-acti-
vated PAMP receptors, NF-κB induces 
inflammation further by producing cyto-
kines and chemokines that attract differ-
ent cells of the innate and adaptive 
immune systems to the site of damage or 
pathogen invasion and induce their acti-
vation. NF-κB also serves to signifi-
cantly increase the self-defense of cells 
at the site of inflammation by inducing 
expression of anti-apoptotic factors and 
scavengers of reactive oxygen species. 
Finally, NF-κB-regulated expression of 
growth factors and angiogenic factors 
helps to restore tissue integrity.21

Given the unique role of NF-κB as 
the central director of inflammation, its 
functional links to mechanisms control-
ling genomic and epigenomic stability 
and transformation are likely to be 
responsible for the pro-carcinogenic 
effects of inflammation. Indeed, accu-
mulating information points to strong 
functional links between NF-κB and the 
major tumor suppressor, p53, which 
seem to be connected by reciprocal neg-
ative regulation (see below). In this 
review, we analyze information about 
the relationship between p53 and NF-κB 
within the context of inflammation-
induced carcinogenesis.

p53 and NF-κB: Opposite 
Approaches to Physiological 
Stress Responses

The p53 and NF-κB pathways are the 
two major cellular stress response path-
ways. As summarized in Table 1, there 
are multiple technical similarities in the 
mechanisms that control these two path-
ways. Both pathways are stress respon-
sive (i.e., inducible by dangerous 
circumstances). Under normal condi-
tions, both p53 and NF-κB reside in the 
cytoplasm in an inactive form due to 
binding of specific negative regulators. 
In both cases, initiation of signal trans-
duction under stress conditions occurs 
via neutralization of the activity of the 
inhibitory protein. Upon release from 
these inhibitors, p53 and NF-κB are 
translocated into the nucleus, where they 
bind to numerous DNA sites specific to 
each factor and regulate (up or down) 
transcription of numerous responsive 
genes. These p53- and NF-κB-regulated 
transcriptional programs produce phe-
notypic alterations that allow the cell to 
adequately respond to the applied chal-
lenge/stress. Activated p53 and NF-κB 
both induce expression of genes that 
encode protein antagonists of them-
selves. This results in negative feedback 
regulatory loops that provide for effi-
cient shutdown of the responses, making 
them temporary and oscillating. The 
spectrum of genes modulated by each 
transcription factor is highly cell type 
specific, which leads to tissue-specific 

Table 1.  Common Properties Shared by the p53 and NF-κB Pathways

Property p53 NF-κB

Mediation of cell response to stressful conditions √ √
Under normal conditions reside in the cytoplasm bound to inhibitory  

factor
√ √

Activation occurs via release from inhibitory factor and nuclear  
translocation

√ √

Upon activation, modulate transcription (up or down) of multiple target 
genes

√ √

Inhibitory proteins are among positively regulated targets √ √
Activation of response is short lasting and self-suppressing √ √
Commonly deregulated in cancer via mutations or epigenetic changes √ √
Excessive activation can result in severe acute pathology √ √



505Inflammation and p53 / Gudkov et al. MMonographs

differences in stress responses.23 Finally, 
both the p53 and NF-κB pathways are 
commonly (almost universally) deregu-
lated in cancer.24,25

In sharp contrast to the multiple mech-
anistic similarities mentioned above, the 
phenotypic outcomes of p53 and NF-κB 
activation are strikingly different and, in 
general, opposing (Table 2). Activation of 
NF-κB typically promotes cell survival 
by making cells resistant to apoptosis and 
stimulating cell growth (although, as for 
most biological systems, some excep-
tions have been observed). On the other 
hand, p53 activation is growth inhibitory 
and, depending on the cell type and the 
type and strength of stress, can result in 
temporary cell cycle arrest, irreversible 
arrest (senescence), or apoptosis.26 These 
cardinal differences in the outcomes of 
p53 and NF-κB activation are determined 
by the nature of the genes that they modu-
late as transcription factors. NF-κB acti-
vates transcription of positive growth 
regulators (e.g., G-CSF), various anti-
apoptotic factors (e.g., IAPs, BCL2 fam-
ily members), and secreted attractants of 
the immune response (cytokines and che-
mokines). p53, however, induces genes 
that encode cell cycle checkpoint regula-
tors (e.g., 21), pro-apoptotic factors (e.g., 
BAX, PUMA, NOXA), and secreted 
growth inhibitors.27 Consistent with these 
functional differences, p53 and NF-κB 
are deregulated in opposite directions in 
tumors. Although p53 is a tumor suppres-
sor that is commonly inactivated, NF-κB 
behaves like an oncogene, showing con-
stitutive activation in the majority of 
cancers.28

Another interesting similarity between 
the p53 and NF-κB pathways is that, 
although both are deregulated in cancer, 
neither is deregulated to the greatest 
possible extreme. Instead of complete 
loss of expression (which is typical for 
other tumor suppressors, such as Rb, 
p16, Arf, and PTEN, and would likely 
be easier to achieve during tumor pro-
gression), the p53 gene is still expressed 
(either in a mutant or the wild-type 
form) in the majority of cancers.29 The 
deregulation of p53 in tumors stems 

from impairment of its transcription reg-
ulatory activity, not necessarily loss of 
expression. This suggests that p53 may 
provide some benefits to tumors via an 
activity distinct from its function as a 
transcription factor.30,31 Similarly, the 
constitutive activation of NF-κB that is 
typically observed in tumors never 
reaches the maximum possible level of 
activity for this pathway (NF-κB-
activating agents can induce the path-
way still further). The threshold for the 
degree of NF-κB activation in tumors 
likely represents a compromise between 
the benefits of having apoptosis sup-
pressed and the risk of attraction of an 
antitumor immune response.

The biological sense of the opposite 
stress response strategies executed by 
p53 and NF-κB lies in the basic differ-
ences in the types of stress that they 
respond to. p53 is the major cellular 
responder for intrinsic stress signals 
(e.g., DNA damage, oncogene expres-
sion, spindle poisoning, telomere short-
ening) for which a pro-apoptotic, 
anti-proliferative outcome is the most 
beneficial to the organism.25 Propaga-
tion of intrinsically damaged cells is 
restricted by the internal cell decision 
driven by p53. This is a rational strategy 
for protection of multicellular organisms 
from the hazards of amplification of 
potentially dangerous mutant cells origi-
nating from tissues consisting of rapidly 
dividing cells (i.e., the hematopoietic 
system, gastrointestinal tract, hair folli-
cles). In this regard, p53’s role is analo-
gous to that of the human conscience: an 
intrinsic mechanism that prevents mem-
bers of a social society from unethical 
actions (which, in extreme cases, could 

lead to suicidal death, analogous to 
apoptosis in the context of this meta-
phor). This type of function must be lost 
in order to allow unethical actions and 
establishment of an asocial element, 
whether human or cellular in nature. On 
the other hand, NF-κB is the major cel-
lular responder for extrinsic stress sig-
nals (presence of infectious agents or 
traces—direct or indirect—of their pres-
ence). Altruistic self-restrictive and self-
punishing behavior is not a rational 
strategy when one is under extrinsic 
attack, which requires mobilization of 
all internal and external protective 
mechanisms. It is, therefore, not surpris-
ing that NF-κB activation results in a 
temporary ban on apoptosis and creates 
conditions (via secretion of bioactive 
chemokines and cytokines) for attrac-
tion and stimulation of the innate (and, 
subsequently, an adaptive) immune 
response. Powerful mobilization of pro-
survival functions likely underlies the 
frequent activation of NF-κB observed 
in tumor cells.

Reciprocal Negative Regulation 
of p53 and NF-κB

Given the generally opposite nature  
of the responses initiated by p53 and 
NF-κB, there is a clear physiological 
need to coordinately regulate their rela-
tive activities to best serve the organism. 
There is a growing body of evidence 
indicating that a reciprocal antagonistic 
relationship exists between the p53  
and NF-κB pathways within cells.32-35 
Crosstalk between the p53 and NF-κB 
pathways occurs on multiple levels, and 
the results of this crosstalk depend on 

Table 2.  Opposite Direction of p53- and NF-κB- Driven Responses

p53 NF-κB

Sensor and mediator of intrinsic stresses Sensor and mediator of extrinsic stresses
Tumor suppressor frequently inactivated in cancer Oncogene frequently activated in tumors
Growth suppressive, pro-apoptotic Growth stimulating, anti-apoptotic
Long-term inactivation leads to cancer Long-term activation leads to cancer
Anticancer context: target for activation Anticancer context: target for repression
Tissue protection context: target for repression Tissue protection context: target for 

activation
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the specific cellular context and stress 
stimulus.36 Interplay between p53 and 
NF-κB leading to coactivation of p53 and 
NF-κB in some cell systems has been 
reported.37,38 However, a growing num-
ber of reports indicate that cells express-
ing NF-κB shut down p53 activity and 
p53 responses and, reciprocally, that cells 
with activated p53 shut down NF-κB 
transcriptional activity. For example, pro-
inflammatory NF-κB-induced cytokines 
(such as IL-6 and MIF) can suppress  
p53 transcriptional activity,37,39,40 and 
drugs suppressing NF-κB cause activa-
tion of p53.41 Despite substantial efforts,  
our understanding of the mechanisms that 
regulate p53/NF-κB crosstalk remains 
limited. Below, we will focus on the mutu-
ally antagonistic relationship between p53 
and NF-κB and possible mechanisms 
underlying this phenomenon.

It was shown that p53 and NF-κB can 
repress the activities of each other owing to 
their competition for limited pools of the 
transcriptional coactivator proteins p300 
and the closely related CREB binding pro-
tein (CBP).42,43 Both p53 and NF-κB have 
been shown to physically interact with 
CBP and to require such interaction to 
maximize their activities.44,45

Among documented models explain-
ing NF-κB-mediated negative regulation 
of p53 is NF-κB-dependent upregulation 
of the levels of the major p53 inhibitor, 
Mdm2, the p53 E3 ubiquitin ligase.46-48 
Gu et al.49 demonstrated that in the 
absence of p53, MDM2 directly increased 
p65 promoter activity. Another relevant 
study showed that IKKβ, a major compo-
nent and mediator of the conventional 
NF-κB pathway, can phosphorylate p53, 
leading to its ubiquitination and degrada-
tion independent of Mdm2.50 Thus, it is 
possible that IKK, which is constitutively 
activated by extrinsic mediators of 
chronic inflammation (cytokines), might 
cause long-term inhibition of p53 activ-
ity. Products of NF-κB-responsive genes 
can also suppress p53 function by acting 
against its downstream targets: For exam-
ple, NF-κB-induced anti-apoptotic fac-
tors can neutralize the effects of 
pro-apoptotic products induced by p53.51 

A recent study demonstrated that IKKα-
induced CBP phosphorylation switches 
CBP’s binding preference from p53 to 
NF-κB, which results in increased 
NF-κB-mediated and decreased p53-
mediated transcription.43,52,53 It is impor-
tant to note that IKKα was also found to 
negatively regulate p53 function through 
an alternative mechanism involving 
NF-κB subunit p52.54,55

Despite the large volume of informa-
tion summarized and discussed in several 
recent reviews,23,36,51,56 the mechanisms 
underlying attenuation of NF-κB activ-
ity by p53 remain largely unclear. There 
are data indicating that suppression of 
NF-κB activity by p53 may be realized 
through protein-protein interactions, 
particularly via regulation of the activi-
ties of components of the NF-κB path-
way such as IKKα57 and IKKβ.58 p53 
can restrict activation of the IKKβ-NF-
κB pathway through suppression of gly-
colysis as well (Figure 1).56,59,60

NF-κB against p53:  
A Double-Edged Sword

Let us look at the phenomenon of mutual 
antagonistic regulation between the p53 
and NF-κB stress response pathways 
within the physiological context of the 
organism (Figure 2). Under what condi-
tions does one pathway dominate over 
the other? From an organismal stand-
point, it would seem most beneficial to 
give priority to the pathway that deals 
with the most immediate and more risky 
stress condition. In this regard, NF-κB 
responses deal with situations of extreme 
emergency (extrinsic assault by a variety 
of infectious agents), whereas p53 
responses are aimed at preventing the 
more delayed, albeit serious, problem of 
cancer development. Hence, one would 
expect that under conditions of NF-κB 
response (e.g., acute infectious disease), 
it would benefit the organism to impair 
p53 function in order to reduce  
unnecessary cell losses that might other-
wise occur in tissues prone to p53-
dependent apoptosis due to toxicities 
associated with infection. Experimental 

data supporting this concept are dis-
cussed below in the section devoted to 
use of NF-κB activators as tissue-pro-
tecting agents.

Despite the association between loss 
of p53 function and cancer, NF-κB-
mediated suppression of p53 is not car-
cinogenic. Numerous concerns were 
originally raised about the safety of p53-
suppressive drugs; however, it is now 
clear that short-term, reversible suppres-
sion of p53 does not translate into an 
increased risk of cancer development.61-63 
Thus, although long-term (chronic) sup-
pression of p53 is pathogenic and dan-
gerous, short-term (acute) reversible 
suppression of p53 is benign and actu-
ally useful to the organism under some 
conditions. A similar situation exists for 
NF-κB (see below).

As described in the introductory sec-
tion, long-term NF-κB activation, 
regardless of its underlying cause, is 
associated with increased risk of cancer 
development. Since long-term inactiva-
tion of p53 creates cancer-prone condi-
tions and NF-κB, as we reviewed above, 
is a p53 suppressor, it would be natural 
to link these two facts together and 
hypothesize that chronic inflammation is 
tumorigenic due to suppression of p53 by 

Figure 1.  Schematic model summarizing 
the molecular mechanisms responsible for 
reciprocal negative regulation of p53 and NF-
κB. See explanations in the text.
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activated NF-κB (Figure 2). The first sup-
port for this idea was provided by our 
finding that the functional inactivation/
attenuation of wild-type p53 that is 
observed in cancers that retain wild-type 
p53 expression can be maintained by the 
function of constitutively active NF-κB. 
In such tumor cells, p53 function can be 
restored by genetic (ectopic expression of 
a super-repressor of IκB) or pharmaco-
logical inhibition of NF-κB41 (see below). 
These findings suggest that tumors that 
acquire activation of NF-κB do not ben-
efit further from p53 mutations since 
wild-type p53 activity is already “elimi-
nated” through the activity of NF-κB, 
which creates conditions phenotypically 
equivalent to genetic p53 deficiency.

If NF-κB promotes malignant trans-
formation via suppression of p53 activ-
ity, then it would be expected that the 
effects of active NF-κB in cell transfor-
mation models in vitro would be similar 
to those caused by p53 suppression. In 
fact, one of the key tumor suppressor 
functions of p53 is its Arf-mediated 
response to the activation of dominant 
oncogenes resulting in establishment of 
premature senescence.64 Hence, if 
NF-κB activation leads to sufficient sup-
pression of p53 activity, one would 
expect that under conditions of constitu-
tively active NF-κB, cell transformation 
via oncogenic Ras could occur even in 
the presence of wild-type p53 expres-
sion. We tested this possibility in vitro 
using mycoplasma infection as a consti-
tutive extrinsic NF-κB-activating agent. 
We found that various species of myco-
plasma or their structural components 
were able to stimulate NF-κB activation 
as a result of their interaction with 
TLR2/6 and TLR2/CD14 receptor com-
plexes. We showed that infection of cells 
expressing toll-like receptors TLR2/6 
with Mycoplasma arginini led to sup-
pression of apoptosis induced by che-
motherapeutic agents and reduced 
activation of p53 and its responsive 
genes. Infection with M. arginini made 
rat and mouse embryo fibroblasts suscep-
tible to transformation with oncogenic 
H-Ras, whereas mycoplasma-free cells 

underwent irreversible p53-dependent 
growth arrest (Figure 2). Mycoplasma 
infection was as effective as shRNA-
mediated knockdown of p53 expression 
in making rodent fibroblasts permissive to 
Ras-induced transformation. These obser-
vations indicate that mycoplasma infec-
tion plays the role of a p53-suppressing 
oncogene that cooperates with Ras in cell 
transformation and suggest that the carci-
nogenic and mutagenic effects of myco-
plasma might be due to NF-κB-mediated 
inhibition of p53.65

The observed ability of mycoplasma 
infection to cooperate with a dominant 
oncogene in cell transformation is likely 
to be more than just a laboratory phe-
nomenon. Inspired by our in vitro find-
ings, we recently undertook a clinical 
study in which we looked at the pres-
ence of mycoplasma in the prostates of 
men suspected of having prostate cancer 
due to elevated prostate-specific antigen 

(PSA) levels.66 Mycoplasma hominis 
was detected in more than 30% of pros-
tate biopsies. Stratification of patients 
according to diagnosis showed that M. 
hominis was present at 3 times higher 
frequency in patients with prostate can-
cer than in those with benign prostatic 
hyperplasia. No M. hominis was detected 
in the prostates of 27 men without 
detectable prostate disease. 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 observations 
linking mycoplasma infection with cell 
transformation, genomic instability, and 
resistance to apoptosis, suggest that M. 
hominis infection may be involved in the 
development of prostate cancer and 
may, therefore, be a potential diagnostic 
marker and/or target for improved pre-
vention and treatment of this disease.

Figure 2.  Scheme of the experiments demonstrating the transformation-enabling effect of 
mycoplasma infection in normal rodent fibroblasts (see text for details).
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The effects of live mycoplasma could 
be partially mimicked in vitro by a lipo-
peptide component of the mycoplasma 
surface, the TLR2 agonist R-Pam2. Sup-
plementation of the cell culture medium 
with R-Pam2 resulted in a substantial 
delay in the onset of replicative senes-
cence in mouse embryo fibroblasts, 
which is known to be regulated by p53 
(D. Logunov, V. Natarajan, and A. V. 
Gudkov, unpublished observation).

Finally, we found that genetic ele-
ments encoding NF-κB-activating pep-
tides can act as mild p53 suppressors 
and permit transformation of rodent and 
human fibroblasts by oncogenic Ras (V. 
Natarajan, A. Komarov, and A. V. Gud-
kov, in preparation).

Thus, we have used three different 
means of mimicking the tumor-specific 
property of constitutive NF-κB activa-
tion—chronic infection (mycoplasma), 
a pharmacological agent (TLR2 ago-
nist), and genetic modification (NF-κB-
activating peptides)—and found that all 
lead to attenuation of p53 function and 
establishment of permissive conditions 
for transformation.

Why Does Inflammation 
Promote Cancer? NF-κB as a 
p53-Suppressing Oncogene

In summary, activation of NF-κB func-
tionally leads to “weakening” of p53 
activities and phenotypically resembles 
partial deficiency of p53. Different 
aspects of p53 function are repressed by 
NF-κB to different degrees. Analysis of 
the available data suggests that NF-κB is 
especially effective in suppressing p53-
mediated apoptosis. This is due to the 
activity of a number of anti-apoptotic 
factors encoded by NF-κB-responsive 
genes, which are efficient suppressors of 
p53-dependent mediators of apoptosis. 
At the same time, p53-dependent growth 
arrest, which is largely mediated through 
induction of the cyclin-dependent kinase 
inhibitor p21, seems to be less signifi-
cantly affected by NF-κB activation. 
This indicates that activation of NF- 
κB is not fully equivalent to p53 
knockdown.

Overall, NF-κB activation and estab-
lishment of inflammation create a situa-
tion in which p53 can no longer 
effectively exert its function as an eradi-
cator of transformation-prone cells (Fig-
ure 3). The severity of the consequences 
that follow depends dramatically on the 
duration of inflammation. For “typical” 
acute infections, strong NF-κB activity 
lasts from a few hours to a few weeks. 
As shown by Gerard Evan’s group, this 
duration of a p53-suppressed state is not 
sufficient to cause a detectable increase 
in spontaneous carcinogenesis in vivo in 
mice.63 Everyday experience also sup-
ports the safety of short-term NF-κB 
induction in terms of cancer promotion: 
No association has been found between 
occurrence of diseases associated with 
acute inflammation and cancer. Chronic 
inflammation, however, is a completely 
different story since the cells in inflamed 
tissues may exist in an NF-κB-activated/
p53-suppressed state for amounts of 
time sufficient for the acquisition of 
genetic and epigenetic alterations sup-
porting advanced transformed pheno-
types. This makes chronic inflamma- 
tion a dangerous physiological condition 
that is functionally equivalent to a p53- 
suppressing oncogene (Figure 3).

p53 as an Inhibitor  
of Inflammation

There is a growing body of evidence 
indicating that p53 is a negative regula-
tor of inflammation. Manifestations of 
autoimmune diseases, including colla-
gen-induced arthritis67 and experimental 
autoimmune encephalitis,68 were found 
to be more severe in p53-deficient mice 
than in wild-type mice. In addition, 
inflammatory infiltration of the lung and 
subsequent disruption of alveolar archi-
tecture 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 compared to 
wild-type mice.69,70 Accelerated growth 
of atherosclerotic plaques was observed 
in p53–/–/apoE–/– mice as compared to 
p53+/+/apoE–/– mice and in LDL 

receptor-knockout mice that were 
lethally irradiated and transplanted with 
bone marrow from p53–/– mice as com-
pared to the same mice transplanted with 
p53-wild-type bone marrow.71-74 The 
observed acceleration in plaque growth 
was associated with increased invasion 
of activated macrophages into the 
plaques. It was also shown that ionizing 
radiation induces faster and stronger 
invasion of inflammatory cells and 
fibroblasts into damaged tissues in p53-
null mice than in wild-type mice.75 Spe-
cific ablation of the p53 gene in mouse 
epidermis led to spontaneous develop-
ment of aggressive squamous cell carci-
noma preceded by inflammation.76 It is 
interesting that mice with a P72R muta-
tion (substitution of proline with argi-
nine) in their p53 gene have a markedly 
enhanced response to inflammatory 
challenges, whereas in humans, codon-
72 polymorphism is associated with a 
cancer-prone phenotype.77 Also, mice 
harboring a hypomorphic mutant p53, 
R172P, a mutation that abrogates p53-
mediated apoptosis while keeping cell 
cycle control intact, are more sensitive 
to ultraviolet light–induced skin inflam-
mation than wild-type mice.78

Finally, a significant proportion of 
tumor-prone p53-null mice (25%) die 
before tumor development from unre-
solved inflammation that results in 
abscesses, gastroenteritis, or myocardi-
tis,16,76 suggesting that the control of 
innate immune response is deregulated 
in these mice.79

Consistent with the observations 
described above, we found that p53 is a 
general inhibitor of inflammation and 
that this activity is due to its antagonism 
of NF-κB (Figure 4).80 This was first 
suggested by our observation of striking 
similarities in the global gene expres-
sion profiles of human LNCaP prostate 
cancer cells transduced with a p53-
inhibitory genetic element or treated 
with tumor necrosis factor (TNF). These 
data suggested that p53 inhibits tran-
scription of TNF-inducible genes, many 
of which are known to be regulated by 
NF-κB. In support of this, ectopically 
expressed p53 was shown to inhibit 
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Figure 3.  Comparison of the tissue effects of acute and chronic inflammation (scheme is applicable to 
apoptosis-prone tissues [e.g., hematopoietic tissues]). “No hazard” column: p53-dependent apoptosis 
helps to clear the cell population of cells that underwent rare spontaneous DNA damage; lost cells are 
quickly replaced. “Acute infection” column: Attack by infectious agents leads to activation of NF-κB 
signaling, resulting in short-term (for the time of inflammation) suppression of apoptosis and changes 
of the microenvironment to alert immune responses (acute inflammation). After eradication of infection, 
apoptosis is permitted again and eliminates cells that acquired DNA damage during inflammation. 
“Chronic inflammation” column: Constitutively active NF-κB blocks p53-dependent apoptosis, thereby 
allowing cells with DNA damage and subsequent mutations to accumulate and form a population with 
high risk of selection of malignant variants. Under the cover of NF-κB-mediated p53 suppression, tumor 
progression occurs. This results in advanced tumors, which may no longer depend on constitutive 
extrinsic activation of NF-κB and continue growing even after conditions of chronic inflammation have 
been resolved. This situation mimics the ongoing carcinogenic process in p53-deficient organisms (“p53 
deficiency” column).

transcription from NF-κB-dependent 
promoters. Furthermore, suppression of 
inflammatory responses by p53 was 
observed in vivo by comparing 

wild-type and p53-null mice at the 
molecular level (inhibition of transcrip-
tion of genes encoding cytokines and 
chemokines, reducing accumulation of 

reactive oxygen species and protein 
clearance), the organismal level (high 
levels of metabolic markers of inflam-
mation in tissues of p53-deficient mice), 
and the cellular level (activation of 
macrophages and neutrophils and their 
hypersensitivity to lipopolysaccharide 
[LPS]) (Figure 4). More severe inflam-
matory responses and accelerated 
development of fibrosis in the lung 
were also observed in p53–/– mice as 
compared to wild-type mice (E. A. 
Komarova and A. V. Gudkov, unpub-
lished observations).

Later, similar results were described 
in a study that used a mouse model of 
LPS-induced lung injury.81 In this study, 
neutrophils and macrophages from p53-
knockout mice had elevated responses 
to LPS stimulation as compared to wild-
type cells, showing stronger induction 
of pro-inflammatory cytokines and 
enhanced NF-κB DNA binding activity. 
In addition, p53-knockout mice were 
more susceptible to LPS-induced acute 
lung injury as compared to wild-type 
mice.81 Interestingly, p21-null mice 
have an overactivated inflammatory 
phenotype that is similar to that of p53-
null mice. p21–/– mice displayed 
increased susceptibility to endotoxic 
shock, which was associated with 
increased serum levels of cytokines. 
Elevated NF-κB activity and secretion 
of cytokines was also found in LPS-
stimulated p21-deficient mouse and 
human macrophages as compared to 
similarly treated wild-type cells.82,83 It 
will be interesting to learn whether the 
increased inflammatory status of p21–/– 
mice is p53 dependent.

The observations described above 
indicate that p53, acting through sup-
pression of NF-κB, plays the role of a 
general “buffer” of innate immune 
responses in vivo. This role is consis-
tent with both the tumor suppressor 
function of p53 (since inflammation is 
frequently associated with tumorigene-
sis24) and the constitutive activation of 
NF-κB that is commonly observed in 
tumors, the majority of which are p53 
deficient.41
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Use of p53-NF-κB Mutual 
Antagonism to Treat 
Pathologies Associated with 
Deregulation of the p53 and  
NF-κB Pathways

Excessive activation or abnormal regu-
lation of p53 or NF-κB can be underly-
ing causes of a variety of pathologies. 
Acute overactivation of NF-κB, which 
can result from exposure to powerful 
bacterial agonists of receptors of innate 
immunity, injection of pro-inflammatory 
cytokines, or other situations, can pro-
duce severe systemic acute inflamma-
tion known as septic shock. This is a 
common pathology and one of the most 
frequent causes of human death.84 Acute 
activation of p53 following systemic 
genotoxic stress associated with expo-
sure to ionizing radiation or treatment 
with cytotoxic chemotherapeutic drugs 
results in massive apoptosis in sensitive 
tissues, such as the hematopoietic system, 
gastrointestinal tract, and hair follicles.27 
These p53-dependent responses contrib-
ute to development of acute radiation 
syndrome and the side effects of chemo-
therapy that cause morbidity and treat-
ment-limiting toxicities in millions of 
cancer patients.27,85 Thus, for both NF-κB 
and p53, normal physiological responses 
can lead to lethal consequences if acti-
vated to excessive levels. Therefore, 
availability of p53 and NF-κB inhibitors 
would likely have a substantial clinical 
impact on treatment and/or prevention of 
such pathologies.86-88

Other subsets of diseases stem from 
chronic deregulation of either the p53 or 
NF-κB pathways. For example, even par-
tial genetic deficiency in p53 function 
produces severe cancer-prone conditions 
(e.g., Li-Fraumeni syndrome in humans).89 
As previously mentioned, constitutive 
activation of NF-κB by extrinsic or intrin-
sic stimuli is an underlying cause of a 
broad variety of inflammatory disorders 
and, in many instances, dramatically 
increases the risk of cancer develop-
ment.24,90 On the other hand, insufficient 
activation of immune responses, which 
are all mediated through different 
branches of NF-κB signaling, results in 

immunodeficiency. Agents capable of 
restoring or enhancing p53 functions or 
modulating (positively or negatively) 
NF-κB activity are likely to be useful for 
treatment and/or prevention of these 
pathological conditions.

Our increasing understanding of the 
reciprocal negative regulation of p53 and 
NF-κB suggests that pharmacological 
modulation of one pathway might simul-
taneously produce an opposite effect in 
the other pathway. This possibility of 
simultaneous targeting of the p53 and 
NF-κB pathways opens up interesting 
opportunities for new approaches to pre-
vention and treatment of the above-men-
tioned spectrum of diseases. These 
approaches are briefly described below.

Inducing Inflammation  
to Suppress p53-Mediated 
Acute Pathologies

Similar to the toxicity caused by geno-
toxic chemotherapeutic agents, the toxic-
ity of ionizing radiation (IR) is associated 
with massive apoptosis in radiosensitive 
organs. Our studies have demonstrated 
that by triggering this apoptosis, p53 is 
responsible for the development of 
myelosuppression, alopecia, and rapid 
apoptosis occurring in several layers of 
proliferating epithelial cells in radiosensi-
tive divisions of the gastrointestinal 
tract.91,92 Earlier, we validated small mol-
ecule inhibitors of p53 functions as poten-
tial radioprotective agents.61,93 Later, after 
discovery of the p53-suppressive role of 
NF-κB, we considered using NF-κB acti-
vators to protect radiosensitive cells from 
p53-mediated death.

As a sensor and mediator of numerous 
extrinsic stresses, NF-κB can be activated 
by a large number of natural agents, 
which might be expected to simplify and 
expedite drug development. Indeed, in 
our work, we chose to search for pharma-
cological activators of NF-κB that might 
be prototype drugs among natural factors 
produced by the mammalian microflora. 
This was hypothesized to be a potentially 
promising source of bioactive yet safe 
molecules since the microflora has under-
gone evolutionary adaption to be benign 

for the mammalian organism. We found 
that agonists of the Toll-like receptors 
TLR2 (lipopeptides of mycoplasma) and, 
especially, TLR5 (flagellin proteins of 
gram-negative bacteria) act as powerful 
radioprotectants in mice.94 Subsequently, 
we generated a pharmacologically opti-
mized polypeptide derived from Salmo-
nella flagellin, CBLB502, and showed 
that it both protects against and mitigates 
radiation damage to the hematopoietic 
and gastrointestinal systems of lethally 
irradiated mice and rhesus macaques. 
The dramatically increased postirradia-
tion survival of CBLB502-treated  
animals was associated with strong sup-
pression of p53-dependent apoptosis of 
hematopoietic precursors in the bone 
marrow and gastrointestinal precursors in 
crypts of the small intestine,94 demon-
strating that CBLB502 indeed acted as a 
suppressor of a p53 function (Figure 5). 
Remarkably, survival benefit from a sin-
gle injection of CBLB502 was detectable 
in monkeys when the injection was given 
between 24 hours before and 48 hours 
after irradiation.

It is noteworthy that despite its ability 
to protect normal cells and tissues from 
radiation-induced death and damage, 
CBLB502 was found to not reduce the 
radiosensitivity of tumors in numerous 
mouse models.94 A similar lack of tumor-
protecting activity was demonstrated 
earlier for the p53 inhibitor pifithrin-α.61,95 
These differences in drug activity on 
tumor versus normal cells are likely due 
to the intrinsic differences in the activity 
of the p53 and NF-κB pathways in tumor 
cells as compared to normal cells.

In addition, a theoretical risk of using 
CBLB502 to protect against the adverse 
side effects of cancer treatment is that 
suppression of apoptosis induced by the 
systemic genotoxic stress of the treatment 
might actually promote cancer. However, 
neither the timing nor frequency of tumor 
appearance in p53+/– mice was affected 
by administration of CBLB502 prior to 4 
Gy total body irradiation applied to stim-
ulate carcinogenesis. Again, a similar 
conclusion of no carcinogenic effect was 
reached for pharmacological inhibition of 
p53 with pifithrin-α (see above).61,95
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Overall, we have found that the radio-
protective capacity of NF-κB-activating 
TLR5 agonists such as CBLB502 exceeds 
that of p53 inhibitors.94 CBLB502 is cur-
rently in the advanced stages of develop-
ment as a drug for reducing the adverse 
side effects of cancer radiotherapy and as a 
radiation antidote to be used in radiation 
emergencies.

Suppressing Inflammation 
to Restore p53 Function 
for Cancer Treatment and 
Prophylaxis

Discovery of the NF-κB-dependent 
mechanism of p53 suppression in tumors41 
presented an attractive opportunity for 
simultaneous modulation, in the desired 
directions, of two major cancer treatment 

targets, p53 and NF-κB. In fact, inhibi-
tion of constitutively active NF-κB by 
genetic or pharmacological means was 
found to result in induction of p53-
dependent apoptosis in cells in which 
the p53 pathway is inactive and cannot 
be activated by “standard” p53-inducing 
treatments (i.e., DNA damage). Using a 
renal cell carcinoma (RCC)–derived cell 
line as a representative of this type of 
cells, we screened a diverse chemical 
library for small molecules capable of 
simultaneously restoring p53-dependent 
transactivation and suppressing NF-κB 
activity.41 Among the compounds iso-
lated was an antimalaria drug, quinacrine, 
which strongly induced p53 function not 
only in RCC cells but also in other types 
of cancer cells. Induction of p53 by these 
compounds was found to depend on 

NF-κB suppression and does not involve 
genotoxic stress. A large-scale screening 
effort was undertaken to isolate more 
powerful molecules with the same prop-
erties as quinacrine. Subsequent hit-to-
lead optimization and pharmacological 
characterization of the resulting com-
pounds led to development of a novel 
class of small molecules named curaxins. 
Curaxins are structurally distinct from 
quinacrine, having carbazole-based struc-
tures. However, they are functionally 
similar to quinacrine in their ability to 
simultaneously activate p53 and inhibit 
NF-κB without induction of any detect-
able genotoxicity. The most powerful of 
the isolated curaxin molecules exceeds 
the specific activity of quinacrine by 
more than 200-fold and demonstrates 
strong antitumor effects in all mouse 
tumor models tested to date (more than 
10) (A. Gasparian, C. Burkhart, A. Pur-
mal, A. V. Gudkov, and K. V. Gurova, 
submitted). The lack of genotoxicity and 
p53-activating ability of these novel 
NF-κB inhibitors prompted us to con-
sider them not only as potential cancer 
treatments but also as possible cancer 
prophylactic agents. Indeed, we found 
that long-term administration of curaxins 
in drinking water resulted in a substantial 
delay in the appearance and reduction in 
the frequency of tumor development in 
two cancer-prone mouse models (M. 
Yakubovskaya, A. V. Gudkov, and K. V. 
Gurova, in preparation). Thus, exploita-
tion of the phenomenon of NF-κB-
mediated p53 suppression has led to a 
new approach for development of novel 
cancer preventive agents.

Nongenotoxic Activation of p53 
to Suppress Inflammation

Theoretically, the NF-κB-suppressive 
activity of p53 might be employed as  
an anti-inflammatory strategy. The best 
reagent currently available to test the fea-
sibility of this approach is Nutlin-3A,  
a small molecule inhibitor of the p53-
Mdm2 interaction that was isolated by 
Lyubomir Vassilev.96 Nutlin-3A has shown 
strong promise as an anticancer agent for 
the treatment of malignancies retaining 

Figure 4.  Increased inflammatory response in p53-null mice.68 (A) Dramatic difference in induction 
of mRNA for inflammatory cytokines by lipopolysaccharide (LPS) treatment (8 mg/kg for 3 hours) 
between wild-type (wt) and p53-null mice (real-time PCR results). TNF = tumor necrosis factor. **P < 0.01 
for p53-null vs. p53 wild-type mice by Student t test. (B) p53-null mice are hypersensitive to LPS-
induced septic shock. Survival curves for 2 doses of intraperitoneal-injected LPS: 20 mg/kg (top) 
and 12 mg/kg (bottom). (C) Scheme of p53-mediated regulation of inflammation. p53 acts at least 
in two stages of inflammation: as a general inhibitor of NF-κB-dependent transcription and as a 
positive regulator of neutrophil clearance by macrophages. Lack of p53 results in overreaction to 
pro-inflammatory stimuli and hypersensitivity of p53-null mice.
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wild-type p53 expression.97,98 p53 activa-
tion by Nutlin-3A is nongenotoxic and 
well tolerated by normal tissues.99 Phar-
macologically optimized analogues of 
Nutlin-3A are currently in phase I clinical 
trials.100

On the basis of our finding that p53 is 
a suppressor of inflammatory responses, 
we proposed that pharmacological acti-
vation of p53 by Nutlin-3A96 in mice 
might inhibit inflammatory responses 
induced by pro-inflammatory stimuli. In 
fact, Nutlin-3A administration signifi-
cantly increased the survival of mice fol-
lowing LPS-induced septic shock (E. A. 
Komarova, L. Vassilev, and A. V. Gud-
kov, in preparation). These results are 
consistent with earlier reports by Liu  
et al.81 and Groskreutz et al.,101 who 
showed anti-inflammatory effects of 
Nutlin-3A in models of LPS-induced 
and respiratory syncytial virus–induced 
lung injury, respectively. It was shown 
previously in vitro that Nutlin-3A can 
down-regulate TNFα- and IL-1-induced 
activation of NF-κB-dependent reporter 
gene expression and inhibit the expres-
sion of proteins encoded by the NF-κB 
target genes ICAM-1 and MCP-1, 
which are known to be critical for can-
cer cell invasion.102 In our in vivo 
experiments, mice given Nutlin-3A by 
gavage showed significantly reduced 
serum levels of cytokines, including 
IL-1β, IL-6, TNFα, and GM-CSF (E. A. 
Komarova, L. Vassilev, and A. V. Gud-
kov, in preparation).

Aging-Associated Inflammation 
as a p53-Suppressing 
Carcinogen

There are numerous indications that 
aging in mammals commonly involves 
processes driven by p53 and NF-κB, 
suggesting that suppression of p53 by 
inflammation may have implications for 
aging. Gradual increase in systemic 
inflammation is one of the universal 
hallmarks of aging. It includes elevation 
of serum cytokine levels, infiltration of 
immunocytes into tissues, and a high fre-
quency of inflammation-associated dis-
eases in elderly subjects,103 all indicative 

Figure 5.  Short-term activation of NF-κB can neutralize tissue damage mediated by p53-
dependent apoptosis following systemic genotoxic stress (e.g., ionizing radiation). The scheme 
is applicable to radiosensitive tissues (e.g., the hematopoietic system or epithelium of the 
gastrointestinal tract). “No hazard” column: p53-dependent apoptosis helps to clear the cell 
population of cells that underwent rare spontaneous DNA damage; lost cells are quickly replaced. 
“Radiation” column: Radiation-induced DNA damage (even technically repairable) is translated into 
p53-dependent apoptosis, leading to massive cell death in radiosensitive tissues and development 
of acute radiation syndrome (ARS). “Radiation + protection” column: Administration of an NF-κB-
inducing agent (e.g., the TLR5 agonist CBLB502) prior to irradiation leads to transient activation 
of NF-κB and suppression of apoptosis, thus providing damaged cells an opportunity to repair 
their DNA during the time of NF-κB activity. Once the effect of NF-κB activation is over, p53 
activity is restored and eradicates cells with remaining DNA damage or other apoptosis-triggering 
conditions (e.g., activation of oncogenic pathways), thus reducing the risk associated with further 
maintenance and propagation of altered cells.
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of elevated NF-κB activity. In fact, we 
recently confirmed this prediction 
directly by measuring NF-κB activity in 
tissues of mice of different ages that car-
ried an NF-κB-responsive luciferase 
reporter construct in their germline. In 
these experiments, we observed a grad-
ual increase in reporter activity, with a 
maximal degree of NF-κB-driven tran-
scription being observed at the end  
of life (I. Gitlin, L. Burdelya, and A. V. 
Gudkov, unpublished observations). 
Consistent with this and the reciprocal 
negative regulation of NF-κB and p53, 
the activity of p53 in mouse tissues 
gradually declines with age.104

The source of aging-associated 
inflammation has not been unequivo-
cally defined. Aging tissues show gradual 
accumulation of senescent cells charac-
terized by acquisition of the so-called 
pathological secretion phenotype, which 
is considered one of the important sys-
temic pathological alterations accompa-
nying, and possibly contributing to, 
aging.105 NF-κB-driven transcription of 
cytokines and chemokines is a major 
component of this phenotype, determin-
ing, at least in part, the phenomenon of 
age-associated chronic inflammation.

At the same time, there is a large 
body of somewhat controversial evi-
dence linking p53 with regulation of 
longevity and aging,106,107 including a 
role in cellular senescence. On one hand, 
p53, acting largely through positive reg-
ulation of the cyclin kinase inhibitor 
p21, has been shown to mediate replica-
tive senescence in fibroblasts in cul-
ture,108 as well as “premature 
senescence” caused by aberrant onco-
gene activation.64,109,110 On the other 
hand, there are cell models in which p53 
acts as a suppressor of senescence.26,111 
This presumably results from the ability 
of p53 to negatively regulate mTOR and 
AKT signaling,112 which mechanisti-
cally mimics calorie restriction known 
to increase longevity. In fact, the role of 
p53 as a suppressor of senescence can be 
pharmacologically mimicked by the 
mTOR inhibitor rapamycin.113 To 
resolve this apparent controversy, one can 

hypothesize that p53 contributes to 
establishment of senescence by inducing 
initial cell cycle arrest (quiescence) via 
its genotoxic or oncogenic stress 
response but delays the decision on the 
irreversibility of this arrest via its regu-
lation of cell metabolism.26,112,113

The complexity of the relationship 
between p53 and aging is reflected by a 
variety of age-related phenotypes 
observed in mice with deregulated p53 
expression or function. For example, the 
increased p53 gene dose in transgenic 
“super p53” mice carrying an extra copy 
of the p53 gene significantly protected 
them from cancer and did not result in 
premature aging.114 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.115 Consistent with this, 
mice in which Mdm2 expression was 
genetically reduced had a normal life 
span and were resistant to tumor devel-
opment.116,117 However, mice in which 
overexpression of p53 was accompanied 
by an imbalance in the normal ratios of 
different p53 isoforms showed an alarm-
ing premature aging phenotype.118 Also, 
several knockout and transgenic mouse 
lines that exhibited increased p53 activ-
ity had premature aging pheno-
types.119,120 In some cases, these aging 
phenotypes were partially rescued by 
reduction of the p53 dosage.106,121

We propose a hypothesis (Figure 6) 
that accommodates most of the above-
mentioned facts and largely resolves the 
existing controversies regarding the dual 
role of p53 in aging. The center of this 
model is a gradual accumulation of senes-
cent cells with constitutively active 
NF-κB, which drives abnormal secre-
tion of pro-inflammatory factors and 
determines the pathological secretion 
phenotype. This further amplifies 
inflammation caused by NF-κB activa-
tion in secondary cells. Senescent cells 
accumulate in tissues through life as a 
result of a two-step process of cell con-
version from proliferation-competent to 

a quiescent state and then to a senescent 
state. The first step (quiescence) occurs 
as a result of p53-mediated growth arrest 
in response to spontaneous rare spikes in 
proto-oncogene pathway activation and 
episodes of oxidative stress causing DNA 
damage. The second step depends on 
metabolic stimulation of quiescent cells 
and requires mTOR/AKT activity; it can 
be effectively suppressed by the mTOR 
inhibitor rapamycin and by nongeno-
toxic activation of p53 (with Nutlin-
3A).111,113,122 It is the second step that 
makes growth arrest irreversible and 
converts it to senescence with a patho-
logical secretion phenotype. The role of 
p53 is 2-fold: On one hand, it recruits 
cells into the quiescent state and, on the 
other hand, inhibits their transition from 
quiescence into senescence by suppress-
ing mTOR/AKT.

With age, the proportion of senescent 
cells in tissues gradually increases, par-
ticularly in connective and other tissues 
consisting of proliferation-competent 
cells that cannot be eliminated by apop-
tosis (as in the hematopoietic system) or 
constant renewal of cell populations (as 
in rapidly growing epithelia). With 
accumulation of senescent cells, the tis-
sue concentration of NF-κB-driven pro-
inflammatory cytokines (intrinsic and 
produced by bystander cells) increases, 
leading to the establishment of inflam-
mation. Inflammation, in turn, inhibits 
p53 activities, including its suppression 
of NF-κB and mTOR. At the same time, 
the growth arrest–inducing function of 
p53 (which seems to be less dependent 
on NF-κB) continues generating quies-
cent precursors of senescent cells; the 
number of such cells increases with the 
increase in inflammation-associated 
oxidative stress. This creates a positive 
feedback loop that strengthens the 
severity of inflammation with time. 
Together, these events establish the con-
ditions of age-related syndrome: tissue 
poisoning by the products of senescent 
cells leading to systemic inflammation, 
changes in the contents of cell popula-
tions in inflamed tissues, reduction in 
the regenerating capacity of inflamed 
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tissues, and elevated risk of cancer due 
to the decline in activity of the major 
tumor suppressor p53.

The proposed hypothesis accommo-
dates and explains many aging-associated 
phenomena. It combines Judy Campisi’s 
aging model (gradually increasing tissue 
poisoning by accumulation of senescent 
cells with abnormal inflammation-induc-
ing secretion)105 and indications of a gen-
eral decline in p53 function in aging 
tissues123 with the phenomenon of p53 
suppression by NF-κB and two distinct 
roles of p53: 1) its role as a suppressor of 
senescence via inhibition of mTOR/
AKT26,112 and 2) its role as an inducer of 
growth arrest in response to oxidative or 
oncogenic stresses, which can eventually 
lead to irreversible senescence.64,109 It 
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 
age-related syndrome. This model also 
predicts that restoration of p53 function 
by targeting the mechanism of NF-κB-
mediated p53 suppression has the poten-
tial to slow down self-accelerating 
age-associated inflammation.

Conclusions

Inflammation presents a major challenge 
for the tumor suppressor function of p53. 
Mechanistically, it is exerted through 
NF-κB-mediated attenuation of the trans-
activation function of p53. This situation 
occurs during chronic infections and 
aging, thereby creating conditions that 
stimulate cancer development. In tumors, 
overactivation of NF-κB is acquired 
through selection of cell clones in which 
p53 is functionally inactivated. This situ-
ation underscores the role of anti-inflam-
matory therapy as a potential approach 
for the treatment and prophylaxis of can-
cer and aging. Technically, this type of 
therapy could be achieved either by erad-
icating the source of inflammation (e.g., 
antimycoplasma treatment, killing of 
senescent cells) or by using pharmaco-
logical inhibitors of NF-κB or other  
components of the mechanism of NF-κB-
mediated suppression of p53.
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