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Abstract The nuclear factor (NF)-jB family of tran-

scription factors are ubiquitous and pleiotropic molecules

that regulate the expression of more than 150 genes

involved in a broad range of processes including inflam-

mation, immunity, cell proliferation, differentiation, and

survival. The chronic activation or dysregulation of NF-jB
signaling is the central cause of pathogenesis in many

disease conditions and, therefore, NF-jB is a major focus

of therapeutic intervention. Because of this, understanding

the relationship between NF-jB and the induction of var-

ious downstream signaling molecules is imperative. In this

review, we provide an updated synopsis of the role of NF-

jB in DNA repair and in various ailments including car-

diovascular diseases, HIV infection, asthma, herpes

simplex virus infection, chronic obstructive pulmonary

disease, and cancer. Furthermore, we also discuss the

specific targets for selective inhibitors and future thera-

peutic strategies.
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Introduction

In multicellular organisms, the precise control of gene

expression is a key for initiating and maintaining cell dif-

ferentiation. In eukaryotes, transcription factors, which are

sequence-specific DNA-binding proteins that control the

passage of genetic information from DNA to RNA, are

central to this regulation. Nuclear factor (NF)-jB is a

transcription factor ubiquitous in distribution that controls

the expression of genes involved in cell cycle, immune

responses, cell and tissue differentiation, and DNA repair.

Regulator of more than 150 genes, NF-jB is induced by a

multitude of stimulants including bacterial and viral anti-

gens, T and B cells, mitogens, cytokines, oxidized low-

density lipoprotein and free radicals like superoxide O2
-,

and nitric oxide. First identified through its binding to

the DNA sequence in the regulatory region of

immunoglobulin j light chain gene in B cells, the most

important role NF-jB plays in the biological system is in

regulating immune responses (Baltimore 2009; Ma et al.

2011). Since first identified, five mammalian NF-jB family

members have been discovered: NF-jB 1 (p50/p105), NF-

jB 2 (p52/p100), RelA (p65), RelB, and c-Rel. NF-jB
family members share a highly conserved 300-amino acid

Rel homology domain, responsible for their dimerization

and binding to DNA and IjB (inhibitor of NF-jB). Tran-
scriptional regulation by NF-jB occurs only after two

members form a dimer, with the most abundant activated

form consisting of a p50 subunit and a p65 subunit, which

is found in almost all cell types; however, the existence and
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relevance of all possible dimer combinations have not been

clearly demonstrated. In contrast to p50/65, other NF-jB
dimers (p65/p65, p65/c-Rel, p65/p52, c-Rel/c-Rel, p52/c-

Rel, p50/c-Rel, p50/p50, RelB/p50, and RelB/p52) have

been found to exist, with some only in specific subset of

cells (Hayden and Ghosh 2004). Of these, only p65, RelB,

and c-Rel contain c-terminal transactivation domains,

which are binding sites for other transcription co-regulators

that may be co-activators or co-repressors. Not all Rel

dimer combinations are transcriptionally active. In fact,

studies have shown that DNA-bound p50 and p52 homo-

and heterodimers repress jB-dependent transcription,

possibly by preventing the binding of transcriptionally

active NF-jB dimers to jB sites, or through recruitment of

deacetylases to promoter regions (Zhong et al. 2002).

Due to the presence of ankyrin repeats at their C-ter-

minus, the p105 and p100 precursors can inhibit nuclear

localization and activation of NF-jB dimers that they

associate with, and can thus be classified as IjB proteins.

Binding of IjB prevents the translocation of NF-jB to the

nucleus. Upstream activation signals induce the phos-

phorylation of IjB by IjB kinase (IKK), which triggers

the degradation of IjB through the ubiquitin system

allowing free NF-jB to translocate to the nucleus and

activate transcription. Thus, regulatory mechanisms asso-

ciated with the activation of NF-jB include nuclear

localization and export signals, phosphorylation, and

proteolytic processing.

The IKK complex is composed of an IKK-a/IKK-b
heterodimer associated with the regulatory subunit IKK-c
(NEMO) (Biswas et al. 2004; Lemmers et al. 2007).

Activation of the IKK complex leads to the phosphoryla-

tion and subsequent degradation of IjB proteins (IjBa,
IjBb and IjBe) (Staal et al. 2011). IjBb binds with NF-

jB-DNA complexes and regulates the activity of tran-

scription factor. Whereas, the expression and function of

IjBe has been reported to limit in cells of hematopoetic

lineage suggesting unique roles of transcription factor in

response to variety of stimulus in different cells.

Both canonical and non-canonical pathways lead to the

activation of NF-jB, with the common regulatory step in

both being the activation of an IKK complex. In the

canonical signaling pathway, binding of ligand to a surface

receptor leads to the recruitment and activation of an IKK

complex (Gilmore 2006). The IKK complex then phos-

phorylates IjB leading to its proteasomal degradation and

NF-jB translocates to the nucleus to activate target genes.

In the non-canonical pathway, ligand binding to the

receptor leads to the activation of NF-jB-inducing kinase

(NIK), which functions with IKKa leading to phosphory-

lation-dependent ubiquitination and processing of p100 and

formation of the p52/RelB active heterodimers (Hayden

and Ghosh 2008).

Dysregulation or alteration of NF-jB signaling is the

underlying cause of various ailments. Consequently,

understanding the relationship between NF-jB and the

induction of various downstream signaling molecules is

imperative. Generally, NF-jB acts as a switch or a sensor

that turns on genes responsible for the inflammatory

response to various stimuli including infectious agents or

free radicals; however, NF-jB can inadvertently become a

driving force of pathogenic change in the event of its

regulatory malfunction (Grilli and Memo 1999). Activators

of NF-jB include free fatty acids, reactive oxygen species

(ROS), and pro-inflammatory cytokines as well as viral

proteins that inhibit apoptosis such as infected cell protein

(ICP)4 and ICP27. Exposure to lipopolysaccharide (LPS), a

component of the outer membrane of Gram-negative bac-

teria and of cigarette smoke, has been shown to increase

the activation of NF-jB in a wide variety of model sys-

tems. Furthermore, epidermal growth factor (EGF) and the

DNA damage sensor poly-(ADP-ribose) polymerase-1

(PARP1) also regulate NF-jB activation. Based on the

involvement of transcription factor NF-jB in diverse

pathways and disease states, it is essential to understand its

selectivity, activity, and the transcriptional potential. In this

review, we will highlight the role of NF-jB in various

ailments including cardiovascular disease, HIV infection,

asthma, herpes simplex virus infection, chronic obstructive

pulmonary disease (COPD), and cancer (Table 1).

NF-jB and Cardiovascular Diseases

NF-jB expression correlates with numerous cardiovascular

diseases including atherosclerosis, myocardial ischemia,

heart failure, and cardiac hypertrophy. Moreover, the

activity of NF-jB can either be beneficial or detrimental to

the cardiovascular system. For example, the inhibition of

NF-jB by its inhibitor BAY 11-7085 during the develop-

mental stage of the chicken heart results in cardiac outflow

defects, suggesting a crucial function of NF-jB in devel-

opment of the heart (Hernandez-Gutierrez et al. 2006).

BAY 11-7085 is an IKK inhibitor that prevents phospho-

rylation of IKK, thereby inhibiting the interaction between

IKK and IjB and subsequently translocation of NF-jB to

the nucleus where it exerts its biological activity (Fig. 1a).

On the other hand, increased expression of NF-jB has been

found in the atheromatous area of the atherosclerotic lesion

whereas NF-jB activation was undetectable in vessels

lacking atherosclerosis. Atherosclerosis is characterized by

the deposition of lipids in arterial walls, which leads to

myocardial infarction (Hollander 1976). In addition,

leukocyte recruitment and adhesion within the endothelial

layer of blood vessels is an important step and the hallmark

of atherosclerosis. The expression of adhesion molecules,
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which is regulated by NF-jB in response to CD40, inter-

leukin (IL)-1, and tumor necrosis factor (TNF)-a in

endothelial cells, allows leukocytes to stick to the artery

wall. In experimental models of atherosclerosis, the inhi-

bition of pro-inflammatory cytokines like TNF-a leads to

diminished expression of adhesion proteins, intercellular

adhesion molecule (ICAM)-1 and vascular cell adhesion

molecule (VCAM)-1, resulting in reduced disease pro-

gression (Bourdillon et al. 2000; Branen et al. 2004;

Collins et al. 2000; Nakashima et al. 1998) (Fig. 1b).

Moreover, NF-jB pathways are activated in most cells

involved in the different stages of lesion development (de

Winther et al. 2005). Activation of the NF-jB pathway by

TNF-a plays critical role in the progression of heart failure

(HF). Further, the elevation of TNF-a levels is linked with

myocyte hypertrophy, remodeling of the extracellular

matrix (ECM) with increased fibrosis and apoptosis

(Hutchinson et al. 2010). Pentoxifylline, a xanthine-derived

agent, is a phosphodiesterase inhibitor that downregulates

TNF-a synthesis at the transcriptional level. Further, it

protects the myocardium from apoptosis and thus inhibits

the progression of HF. The TNF-a converting enzyme

(TACE) is required for processing of pro-TNF-a into its

mature form, and anti-TNF-a treatment strategies including

metalloproteinase inhibitors and aprotinin have been

shown to decrease TNF-a processing by inhibiting TACE

(Balakumar and Singh 2006). TNF-a activates p38 MAPK

pathway, which leads to the progression of matrix remod-

eling and inflammation. Experimental evidence shows that

p38 inhibitors like SB203580 and FR167653 reduce

apoptosis, fibrosis, hypertrophy, LV dilatation and

increased ejection fraction and contractility (Hutchinson

et al. 2010). Furthermore, increased expression of TNF-a
was found to increase the gelatinolytic activity of the

metalloproteinase that causes fibrosis and remodeling

through direct digestion of matrix components (Li et al.

2000). Therefore, including TNF-a, targeting of metallo-

proteinase is an important therapeutic approach to mitigate

cardiovascular disease. In this regard, batimastat, ilomastat,

marimastat, and prinomastat have been developed for HF.

The existing clinical studies seem to support the idea that

treatment with anti-TNF-a may have a favorable effect on

endothelial dysfunction and atherosclerotic processes in

patients with inflammatory arthropathies; however, TNF-a
is required for physiological processes (Li et al. 2000).

Therefore, drug design will require selective inhibition of

this inflammatory mediator so that its function is not

reduced below required levels. To this end, the selective

inhibition of tumor necrosis factor receptor (TNFR)-1 with

specific antibodies, antagonists, or siRNAs provides a

promising opportunity for treatment of the proinflamma-

tory, proatherogenic effects of TNF-a, keeping intact the

TNFR2-mediated cardio-protective immunomodulatory

responses.

The zinc-finger protein monocyte chemotactic protein

(MCP)-1-induced protein (MCPIP) is expressed primarily

in monocytes, and is known to protect the heart from

inflammatory pathologies in septic myocardial inflamma-

tion and dysfunction. In vivo and in vitro studies have

shown an NF-jB inhibitory activity of MCPIP. In fact,

MCPIP transgenic mice showed a distinct reduction in

myocardial inflammatory cytokines TNF-a, IL-1b, IL-6,
decreased caspase-3/7 activities, inducible nitric oxide

synthase (iNOS) expression and peroxynitrite formation,

and less apoptotic cell death following LPS administration

as compared to wild-type mice. Decreased cardiac NF-jB
activation was also reported in LPS-treated MCPIP trans-

genic mice compared to wild-type mice. Moreover,

Table 1 Correlation of NF-jB expression with pathological consequences

Correlation of NF-jB
expression with

Consequences

Cardiovascular diseases Atherosclerosis, myocardial ischemia, heart failure and cardiac hypertrophy (de Winther et al. 2005; Zelarayan

et al. 2009)

HIV Acquired immunodeficiency syndromes (apoptosis of CD4 T cells, macrophages and dendritic cells), HAND

(Dahiya et al. 2014a; Shah and Kumar 2010)

Asthma Chronic obstructive pulmonary disease: wheezing, chest pain, shortness of breath and coughing (Janssen-

Heininger et al. 2009)

HSV-1 Blisters on skin or mucus membranes of the mouth/genitals (Hargett et al. 2006)

COPD Chronic, abnormal inflammation of the airways (Edwards et al. 2009)

DNA damage and cancer Tumorigenesis, aging-related syndrome, anti-apoptosis, cell cycle progression, angiogenesis, cancer survival,

metastasis, escape from immune detection (Joyce et al. 2001; Karin 2009; Osorio et al. 2012; Tabruyn and

Griffioen 2007)

HAND HIV-associated neurocognitive disorder
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Fig. 1 NF-jB and

cardiovascular diseases.

a BAY11-7085 irreversibly

inhibits TNF-a-stimulated

IjBa-phosphorylation and the

administration of

cholecalciferol markedly

attenuated the advancement of

cardiac hypertrophy via

downregulation of the TNF-a/
NF-jB/p65 signaling pathway.

b The expression of adhesion

molecules, which is regulated

by NF-jB in response to CD40,

IL-1, and TNF-a in endothelial

cells, allows leukocytes to stick

to the artery wall in

atherosclerosis. MCPIP protects

heart from inflammatory

responses by obstructing IjB
kinase complex activity and by

inhibiting NF-jB activation.

c The stimulation of TLRs leads

to downstream signaling events

and activation of NF-jB. TLR4
and NF-jB regulate the

expression of many

inflammatory cytokines

involved in the inflammatory

response to myocardial injury
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enforced expression of MCPIP resulted in decreased

phosphorylation of IjB kinase (IKKa/b), and as a result in

reduced NF-jB p65 translocation into the nucleus and the

subsequent attenuation of inflammation (Niu et al. 2011).

Many compounds show a protective role in cardiovas-

cular diseases by inhibiting or downregulating NF-jB
activation. Astragaloside (AsIV), small molecular saponin

derived from the medicinal plant Astragalus mem-

branaceus, has been shown to produce anti-inflammatory

and anti-apoptotic effects in myocardial ischemia–reper-

fusion (MI/R) injury model in rats (Lu et al. 2015). AsIV

downregulates the expression of TLR4 and NF-jB leading

to reduced apoptosis of cardiomyocytes and decreased MI/

R injury-induced inflammatory cytokines (TNF-a, IL-6),
subsequently attenuating the injury in rats. Cholecalciferol

(Vit-D3) exerts cardioprotective effects through the regu-

lation of mRNA levels of pro-inflammatory cytokines,

which may play an important role in the development and

advancement of left ventricle (LV) hypertrophy (Fig. 1c).

Further, IjBa mRNA was increased in tissues from LV of

rats treated with Vit-D3 compared to controls. However,

identification of the mechanisms underlying the protective

role of this compound will require further investigation

(Al-Rasheed et al. 2015).

The role of oxidative stress in the pathogenesis of car-

diovascular diseases has also been described extensively

(Dhalla et al. 2000). During the onset and progression of

hypertension, stroke, and atherosclerosis, the activity of

NADPH oxidase increases leading to the production of

ROS (Ceconi et al. 2003) (Fig. 1c). Amongst the various

stimuli of NF-jB, ROS play a powerful role. The NADPH

oxidase complex is considered to be the major source of

superoxide while other sources of ROS production include

xanthine–xanthine oxidase, cyclooxygenase, NOS, and

oxidative phosphorylation. Xanthine oxidase converts

hypoxanthine to xanthine and xanthine to urate. Urate acts

as a potent antioxidant to attenuate adverse effect of ROS

on host tissue. On the other hand, it also upregulates vir-

ulence genes including mftR (major facilitator transport

regulator) and mftP (major facilitator transport protein)

(Gupta and Grove 2014). Furthermore, NADPH oxidase is

highly expressed in many cardiovascular cells including

smooth muscle cells, pericytes, fibroblasts, and cardiac

myocytes (Lassegue et al. 2012; Panday et al. 2015a).

Reports suggest NADPH oxidase/ROS-mediated activation

of NF-jB under various experimental conditions (Bonizzi

et al. 1999; Brar et al. 2002; Clark and Valente 2004).

Induction of NF-jB has been shown in K562 human ery-

throleukemia cells after transfection with gp91phox (an

essential component of NADPH oxidase) construct (Clark

and Valente 2004), and siRNA-mediated silencing of

p22phox (an important subunit of NADPH oxidase) signif-

icantly attributes to the overexpression of the NF-jB

inhibitor IjBa in human airway smooth muscle cells (Brar

et al. 2002). This strongly indicates a relationship between

NADPH oxidase and NF-jB activation and their role in

cardiovascular diseases.

Interestingly, microRNAs (miRs) which are small non-

coding RNAs, potentially regulate genes related to various

physiological processes and the pathophysiology of diseases

including cardiovascular diseases such as atherosclerosis and

hypertension (Jansen et al. 2015; Ma et al. 2011; Madrigal-

Matute et al. 2013;Wahid et al. 2010).MiRs-181, 21, 155 and

301a are known to control the expression of NF-jB (Jansen

et al. 2015). In addition,MiR-181 has been shown tomodulate

endothelial VCAM-1 and E-selectin expression in an NF-jB-
dependent way while other miRs are associated in the com-

plex control of NF-jB activation. Moreover, substantial

evidence has shown that miRs play an important role in

modulating the vascular aging processes in humans and ani-

malmodels. Expansion upon this research is needed to further

explore the functions of miRs in age-associated vascular

pathologies (Jansen et al. 2015; Ma et al. 2011).

Although the role of NF-jB has been extensively stud-

ied in cardiovascular disease, there is still the need for

further investigations. Identification of the molecular

mechanisms by which NF-jB inhibitors exert their effects

and the identification of their specific targets are important

areas for future investigations. For example, determination

of the molecular mechanisms associated with specific ROS

intermediates that mediate activation of NF-jB and further

downstream events, as well as identification of the mech-

anisms underlying the induction of cell adhesion molecules

in response to NF-jB activation will be extremely benefi-

cial in designing improved therapeutic strategies.

NF-jB and HIV

Human immunodeficiency virus (HIV) causes acquired

immunodeficiency syndromes (AIDS) in which the

immune system is greatly compromised leading to the loss

of the ability to fight infections. HIV infects essential

immune cells including CD4 T cells, macrophages, and

dendritic cells resulting in massive cell loss due to apop-

tosis. Viral proteins processed by the HIV protease,

including gp120 and Tat, augment cell death. Apoptosis is

induced in HIV-infected cells through both extrinsic and

intrinsic pathways including procaspase-8 and 9, down-

stream regulation of Bcl-2, mitochondrial cytochrome c

release, shortening of telomeres, integration of HIV-1

genes, and the activation of NF-jB.
The NF-jB pathway has been identified as a possible

target for permanent HIV-1 suppression. Hsp90 is a heat-

shock protein that localizes to viral promoter DNA and is

required for HIV-1 transcription and reactivation from
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latency (Zhong et al. 2014) under conditions of hyper-

thermia. Moreover, it has been reported that Hsp90 and co-

chaperone Cdc37 bind to the IKK complex keeping this

complex functional (Anderson et al. 2014). Thus, the

reactivation of HIV-1 from latency is modulated by the

NF-jB pathway through the connection of T cell activation

with HIV-1 replication. The Hsp90 inhibitor AUY922 has

been evaluated in clinical trials as a potential cancer

chemotherapeutic; however, its clinical effectiveness in

HIV-1 suppression still remains to be tested (Dahabieh

et al. 2015).

Long terminal repeats (LTRs) serve as control centers

for viral gene expression (Karn and Stoltzfus 2012). Fol-

lowed by partially being transcribed into RNA, LTRs are

reverse transcribed into complementary DNA, thereafter

mediating integration of retroviral DNA into the host

genome through LTR-specific integrase. Once the provirus

has been integrated, the LTR on the 50 end serves as the

promoter for the entire retroviral genome. LTRs consist of

functional regions including the TAR (transactivation

response element), core, enhancer, and modulatory ele-

ments. The TAR region binds the viral transactivator Tat

and the core region contains the initiator and TATA box as

well as three Sp-1 binding sites. The enhancer region

consists of two adjacent NF-jB-binding sites (–109 and

–79), which play indispensable roles in mediating HIV-1

gene expression (Dahiya et al. 2014b). In addition, NFAT1

negatively regulates the LTR by competing with NF-jB for

its binding site, whereas NFAT2 positively regulates the

HIV-1 LTR through the NF-jB-binding sites (Dahiya et al.

2014a) (Fig. 2a). Thus, viral LTRs are regulated by the

host factor NF-jB upon its activation in virus-infected cells

resulting in increased expression from the HIV-1 LTR.

HIV infection is associated with a decline in the numbers

of CD4? T lymphocytes. Procaspase-8, which activates

NF-jB, also plays an indispensable role in inducing

apoptosis of HIV-infected CD4? T cells. The HIV protease

cleaves BCL-2 and procaspase-8, with cytotoxic effects

produced by other HIV proteins (Weng et al. 2014). The

cleavage of procaspase-8 performed by HIV-1 protease

gives rise to a unique 41 kDa protein fragment known as

Casp8p41. Under homeostatic conditions the anti-apoptotic

Bcl-2 family members maintain mitochondrial integrity by

preventing the pro-apoptotic, multidomain Bcl-2 family

members, Bax and Bak, from causing mitochondrial

damage. Bcl-2 homology 3 proteins are activated by pro-

caspase-8. Consequently, the inhibition of Bax and Bak is

relieved, leading to their oligomerization and formation of

a channel through which cytochrome c is released into the

cytosol (Brubaker et al. 2015). Cytochrome c then associ-

ates with Apaf-1 and ATP, forming a platform for

recruitment and activation of procaspase-9, a complex also

known as the apoptosome. Active caspase-9 cleaves and

activates the downstream caspases that are crucial for the

execution of apoptotic cell death. Thus, procaspase-8 is

responsible for NF-jB-mediated HIV LTR expression and

the apoptosis of HIV-infected CD4 T cells (Fig. 2b).

HIV-1 primarily resides in both macrophages and

microglia and thus a common ailment in HIV-infected

patients is HIV-associated neurocognitive disorder

(HAND), also known as HIV dementia, which occurs when

HIV infects nerve cells (McArthur and Brew 2010). The

ability to cross the blood–brain barrier is a critical element

for successful infection of the central nervous system

(CNS) by HIV, which is achieved by HIV mainly through

the successful migration of monocytes and lymphocytes.

Once HIV-1-infected macrophages have found safe harbor

in the brain, they secrete chemokines such as stromal-

derived factor (SDF)-1, RANTES or MIP-1 a/b, thereby
inducing recruitment of additional monocytic cells from

the periphery into the CNS. HIV-1 interacts with chemo-

kine receptors CXCR4 and CCR5 in conjunction with CD4

to infect both microglia and macrophages (Ambegaokar

and Kolson 2014). Natural ligands of CXCR4 and CCR5,

the a-chemokine SDF-1 and the b-chemokines MIP-1 a/b
or RANTES, interfere with HIV/gp120 binding and sig-

naling and pro-inflammatory events (Ambegaokar and

Kolson 2014) (Fig. 2c). Release of pro-inflammatory

cytokines (such as IL-1b, IL-6, TNF-a) and chemokines

leads to activation of microglia, a reduction in synap-

tic/dendritic density, and selective neuronal loss. Together,

these events cause neurological complications character-

ized by impairment of the nerves involved in attention,

memory, language and speech, symptoms which are seen

in more than half of all adults suffering from AIDS (Doyle

et al. 2013; Heaton et al. 2011). In addition, this neuro-

toxicity involves the production of neurotoxic factors

including quinolinic acid, TNF, platelet-activating factor,

and arachidonic acid metabolites in association with mac-

rophage infection. Many experts have proposed that a

common end pathway of toxicity is through excitation of

N-methyl-D-aspartate (NMDA)-subtype glutamate recep-

tors, which has the potential for inducing apoptosis.

Support for this model includes experiments that show

decreased glutamate secretion by infected macrophages is

partially protective in an in vitro model of macrophage-

mediated neurotoxicity. Moreover, toxicity associated with

viral proteins is dependent on expression of glutamate

receptors and the areas that are most affected are associated

with an increased concentration of NMDA receptors (Guo

et al. 2014).

Astrocytes represent a major population of non-neuronal

cells in the brain and play a critical role in the neu-

ropathogenesis of HAND (Spudich and González-Scarano

2012). These cells express the HIV co-receptors CXCR4

and CCR5 in addition to other chemokine receptors, but
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Fig. 2 NF-jB and HIV.

a LTRs consist of functional

regions including the TAR,

core, enhancer, and modulatory

elements. The TAR region binds

the viral transactivator Tat and

the core region contains the

initiator and TATA box as well

as three Sp-1-binding sites. The

enhancer region consists of two

adjacent NF-jB-binding sites

(–109 and –79), which play

indispensable roles in mediating

HIV-1 gene expression. b HIV

infection is associated with a

decline in the numbers of CD4?

T lymphocytes. Procaspase-8

which activates NF-jB also

plays an indispensable role in

inducing apoptosis of HIV-

infected CD4 T cells. c A

common ailment in HIV-

infected patients is HIV-

associated neurocognitive

disorder (HAND), also known

as HIV dementia, which occurs

when HIV infects nerve cells
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lack CD4 (Brown et al. 2014). Therefore, astrocyte reac-

tivity may be influenced by the natural chemokine receptor

ligands and thus stimulated by CD4-independent effects of

HIV/gp120. Further, astrocytes are activated by and are

responsible for overexpression of the inflammatory cyto-

kine IL-6, which is associated with many pathological

conditions (Shah et al. 2011). HIV gp120 is responsible for

virus entry into cells where its expression increases the

phosphorylation of endogenous IjBa and subsequent

translocation of NF-jB into the nucleus leading to over-

expression of IL-6 and IL-8 (Shah et al. 2011). Moreover,

treatment of astrocytes from mice with gp120 also leads to

increased production of pro-inflammatory cytokines

including IL-1b and TNF-a (Hoffmann and Baltimore

2006; Kedzierska and Crowe 2001; Mogensen and Paludan

2001).

NF-jB of host has binding sites on LTR and has a role

in HIV gene expression. To design potential therapeutic, it

is important to study the structural basis of this interaction

and to find out the subunit of NF-jB that directly interacts

with the enhancer region of LTR. Furthermore, LTR region

has the binding sites for the transcriptional activator pro-

tein, it may be interesting to search for a repressor binding

site and use this approach as therapeutic potential. More-

over, it may be interesting to investigate the role of

epigenetic modifications on NF-jB binding to the enhancer

region of LTR. Since the activation of NF-jB is related to

several pathological conditions, use of inhibitors which

function on upstream kinases like SC-514, a specific inhi-

bitor of the IKK-2 pathway, or BAY11-7082, which blocks

NF-jB activation by inhibiting TNF-a induced phospho-

rylation of IKK (IKKb) or downstream effectors, represent

attractive therapeutic targets. Use of NF-jB-specific
siRNA can also be utilized as alternate approach for the

treatment of HIV-infected patients (Gangwani et al. 2013;

Shah and Kumar 2010).

NF-jB and Asthma

Asthma is responsible for a significant number of mortalities

worldwide. Characterized by recurring episodes of wheezing,

chest pain, shortness of breath, and coughing in affected

individuals, asthma is a result of the infiltration of eosinophils,

mast cells, and macrophages into narrow airways resulting in

airway obstruction. NF-jB is one of the major players

underlying the progression of this disease. In fact, mouse

studies have revealed that in the absence of the p50 or c-Rel

subunits of NF-jB, mice do not develop hypersensitive air-

way inflammation (Janssen-Heininger et al. 2009). In

response to histamine release by mast cells, NF-jB is acti-

vated and mediates upregulation of various pro-inflammatory

cytokines (including TNF-a, IL-1b, IL-4, IL-5, MCP-1, GM-

CSF), and adhesion molecules including VCAM-1 and

ICAM, contributing to the chronic inflammation and subse-

quent obstruction of airways (Fig. 3) (Li and Verma 2002;

Rico-Rosillo and Vega-Robledo 2011). Furthermore, activa-

tion of iNOSand cyclooxygenase-2 byNF-jB is a hallmark of

asthma. Moreover, NF-jB acts synergistically with the tran-

scriptional factor activator protein-1 (AP-1) to induce

maximal expression of genes responsible for the pathogenesis

of asthma (Roth andBlack 2006).Thus,NF-jB is an attractive

and important therapeutic target for treatment of asthma. To

this end, various plant-derived compounds including querce-

tins, epigallocatechins, resveratrol, and lignans which belong

to various classes of polyphenols have been studied as

potential inhibitors of NF-jB (Nam 2006). Intraperitoneal

administration of andrographolide, a derivative compound of

the medicinal plant Andrographis paniculata, resulted in

reduced infiltration of neutrophils, eosinophils, and macro-

phages as well as decreased IL-4, IL-5, and IL-13 in the

bronchoalveolar lavage fluid of an allergic asthma mouse

model (Rico-Rosillo and Vega-Robledo 2011). Moreover,

andrographolide was shown to suppress the translocation of

NF-jB to the nucleus resulting in the reduction of inflam-

mation and cellular infiltration (Li et al. 2009). A recent report

suggests the use of a novel cinnamate derived from Piper

longum [ethyl 30, 40, 50-trimethoxythionocinnamate

(ETMTC)] as a treatment for allergic asthma (Kumar et al.

2013). The effect of ETMTC was assessed in an ovalbumin-

sensitized and challenged murine model where it reduced

airway inflammation and hypersensitivity. This amelioration

of disease symptoms was found to be associated with reduced

activation of NF-jB, expression of Th2 cytokines, and cell

adhesion molecules. ETMTC, a potent inhibitor of cell

adhesion molecules, functions by inhibiting TNF-a-induced
nuclear translocation and activation ofNF-jBdue to its ability

to block IjB kinase activity. Thus, ETMTC is considered as

potential therapeutic for treatment of asthma (Fig. 3).

The effect of dehydroxymethylepoxy quinomycin

(DHMEQ), an NF-jB inhibitor, was studied in BALB/c

mice challenged intraperitoneally with ovalbumin.

DHMEQ is a unique inhibitor of NF-jB which acts at the

level of the nuclear translocation, it inhibits the transloca-

tion of NF-jB to the nucleus without effecting IjB.
DHMEQ directly binds to the canonical and non-canonical

NF-jB components to inhibit their DNA binding. The

inhibitory effect of DHMEQ is more potent on the NF-

jB1/RelA heterodimers than on the NF-jB (p50) homod-

imer. Indicators of asthma, including airway hyper-

responsiveness, eosinophilic airway inflammation, and

levels of Th2 cytokines in bronchoalveolar lavage fluid,

were mitigated by treatment with DHMEQ (Shimizu et al.

2012) (Fig. 3). Similarly, aspirin and salicylate affect NF-

jB signaling resulting in the suppression of TNF-a-in-
duced mRNA synthesis and surface expression of VCAM-
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1 and ICAM-1 on endothelial cells thereby preventing

leukocyte recruitment and transendothelial migration

(Pierce et al. 1996; Yamamoto and Gaynor 2001). Both

aspirin and sodium salicylate inhibit ATP binding to IKKb
and thus prevent its degradation and subsequent activation

of the NF-jB pathway (Yin et al. 1998). Furthermore,

bronchial biopsies from asthma patients treated with

budesonide (a glucocorticoid steroid) exhibit a reduction in

binding affinity between NF-jB and DNA (Wilson et al.

2001). Targeting IKKb using TPCA-1 (2-[(aminocar-

bonyl)amino]-5-[4-fluorophenyl]-3-thiophenecarboxamide,

a small molecular weight inhibitor) resulted in reproducible

anti-inflammatory activity in response to a wide range of

stimuli in human airway smooth muscle cells and a rat

model of asthma (Birrell et al. 2005). Yet, another study

used the proteasome inhibitor MG-132 to target IjB-me-

diated activation of NF-jB and assessed its effect on

human airway smooth muscle cells (ASMs; the principle

immunomodulatory cells in asthma). Short-term pretreat-

ment of ASM cells with MG-132 resulted in a reduction of

TNF-a-induced IL-6 due to inhibition of IjBa degradation

and thus activation of NF-jB (Moutzouris et al. 2010)

(Fig. 3). Therefore, the proteasome is also a potential

therapeutic target for blocking NF-jB-mediated inflam-

matory pathways in asthmatics. The anti-inflammatory

actions of glucocorticoids (GCs) play an important role in

treatment of asthma and involves the inhibition of NF-jB-
induced gene transcription. Ligand-bound GC receptors

(GRs) bind to suppress the transcription of NF-jB
responsive genes. Thus, the therapeutic efficacy of GCs is

largely contributed by GC inhibition on the transcription

factor NF-jB (Nelson et al. 2003).

With the advances made in bioinformatics and compu-

tational modelling, the analysis of disease models has

become more focused. A recent study utilized an asthma

model to design an interactive network comprised of genes

that are differentially expressed in asthmatics. This facili-

tated identification of factors whose perturbations could

lead to disease symptoms and also provided validation of

their functional and pathophysiological roles. One of such

factors identified through this analysis was GAB1 (GRB-

associated binder-1; an adaptor protein which serves as

immediate substrates for tyrosine kinases and a link

between receptors and downstream events) which was

shown to activate NF-jB signaling leading to increased

production of pro-inflammatory cytokines (Sharma et al.

2015). These findings are enticing, as this approach may

lead to identification of novel drug targets, which are

desperately needed considering the failure of glucocorti-

coid therapy in asthmatics due to glucocorticoid resistance.

Furthermore, macrolide antibiotics, which show bacte-

riostatic activity and affect inflammatory responses, have

been shown to inhibit NF-jB activation resulting in

diminished CXCL8 release and decreased neutrophilic

inflammation (Barnes 2015). Additionally, these com-

pounds may expand phagocytosis and efferocytosis, which

is impeded in patients with COPD and extreme asthma

(Mammen and Sethi 2012). In patients with serious neu-

trophilic asthma, a course of azithromycin was shown to

fundamentally reduce sputum neutrophil counts and

CXCL8 production. This finding suggests that it may be

worthwhile to utilize a restorative trial of macrolide

antibiotics in patients with extreme asthma who have

transcendent neutrophilic aggravation (Barnes 2015).

Fig. 3 NF-jB and asthma. In

response to histamine release by

mast cells, NF-jB is activated and

mediates upregulation of various

pro-inflammatory cytokines

(including TNF-a, IL-1b, IL-4, IL-
5, MCP-1, GM-CSF, and adhesion

molecules including VCAM-1,

and ICAM) contributing to the

chronic inflammation and

subsequent obstruction of airways
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Since traditional therapies have not proved beneficial for

asthma treatment, recent studies using specific tyrosine

kinase inhibitors are also yielding interesting results (Wong

and Leong 2004). Furthermore, characterization of epige-

netic changes associated with transcription factors like NF-

jB can open doors for the prevention strategies and

development of novel drugs. Determining the temporal

regulation of epigenetic signatures associated with the

disease progress can play critical role in designing future

therapeutic strategies.

NF-jB and Infection with Herpes Simplex Virus
Type 1

Herpes simplex virus (HSV)-1 is a member of Her-

pesviridae family responsible for the presentation of

blisters on skin or mucous membranes of the mouth and/or

genitals. Infection with HSV-1 induces both NF-jB and

activation of the DNA double-strand break responses

(DSB). While DSB are required for viral replication, the

absence of NF-jB induction results in significantly reduced

viral yields (Taddeo et al. 2004). The initial phase of HSV

infection induces apoptosis of infected dendritic cells;

however, subsequent protein synthesis in infected cells

blocks this process by inhibiting caspases 3, 8, and 9

(Bosnjak et al. 2005; Goodkin et al. 2003).

HSV genome contains NF-jB-binding sites within the

promoters of ICP0 and VP 16 Icp0 and vp16. In infected

cells, NF-jB p60/p50 heterodimers are primarily activated

and are required for efficient HSV replication. HSV has

been shown to regulate NF-jB signaling in a number of

ways. NF-jB activation occurs in two steps during viral

infection, with the initial activation occurring following

virus attachment and subsequent viral entry into cells, and

delayed activation occurring following expression of

apoptosis-preventing viral proteins such as ICP4 and ICP27

(Hargett et al. 2006). Activation of IKK and degradation of

IjBa is observed during the early stage of HSV-1 infec-

tion, which induces the translocation of NF-jB from the

cytoplasm to the nucleus (Fig. 4). This translocation is

thought to prevent the stress-induced apoptosis associated

with viral gene expression (Taddeo et al. 2004). Recent

study showed that HSV glycoproteins gH/gL and gB are

ligands for TLR2, although gH/gL is sufficient to initiate a

signaling cascade leading to activation of NF-jB (Leoni

et al. 2012). Additionally, the tegument protein UL37 of

HSV-1 is able to directly activate NF-jB signaling through

the TRAF6 adaptor protein in TLR2 independent manner.

The second wave of NF-jB activation is dependent upon

IjB turnover and is sustained for the length of infection.

This wave occurs at later time point and is dependent on

viral gene products. Moreover, the timing of NF-jB

translocation into the nucleus during HSV-1 infection

coincides with the inhibition of apoptosis (Egan et al. 2013;

Leoni et al. 2012; Liu et al. 2013). Activation of NF-jB in

HSV-1-infected dendritic cells is also dependent on the

activation of protein kinase R which leads to phosphory-

lation of eIF-2a, a translation initiation factor that causes

the inhibition of protein synthesis (Deng et al. 2004; Har-

gett et al. 2006) (Fig. 4). Therefore, activated NF-jB has

been identified to have two roles; the first is to block

apoptosis during the initial phase of infection, and the

second is to enhance HSV-1 viral replication by inducing

NF-jB-dependent cellular proteins (Goodkin et al. 2003).

In terms of therapeutic implications, several attempts

have been made to attenuate HSV infection. Commonly

used treatment against HSV infections includes nucleoside

analogues such as acyclovir and pencyclovir and certain

highly bioavailable prodrugs such as valacyclovir and

famciclovir (Wutzler 1997). The major drawback of these

drugs is the promotion of viral mutations that leads to the

development of drug-resistant HSVs (Piret and Boivin

2011). Thus, because of this need, some Chinese medicines

showing anti-viral activities have come into the picture.

For example, N-docosanol, a long-chained alcohol, has

anti-HSV activity and was approved by the Food and Drug

Administration (FDA) as a topical treatment for herpes

simplex labialis (Marcelletti 2002). More importantly,

Houttuynia cordata (H. cordata), which is a traditional

natural Chinese herbal medicine of the Saururaceae family,

exerts inhibitory effects against HSV by targeting NF-jB
(Li and Zhao 2015). H. cordata water extracts (HCWEs)

affected multiple stages of HSV infection, such as viral

binding and penetration and viral gene expression by tar-

geting host NF-jB, and HSV replication (Hung et al.

2015). Moreover, HCWEs attenuate NF-jB-mediated ICP0

transcription. ICP0 is an HSV immediate-early gene, which

can bind to several cellular proteins as well as viral pro-

moters resulting in increased expression of viral E and L

genes (Cai and Schaffer 1992). Further analysis of com-

pounds in HCWEs revealed that quercetin and isoquercitrin

inhibit NF-jB activation and also exert an inhibitory effect

on viral entry (Hung et al. 2015).

Heparanse (HPSE) is an endo-b-d-glucuronidase that

breaks down heparin sulfate (HS) polymers in the extra-

cellular matrix and contributes to tissue redesign.

According to studies conducted by Hadigal group on a

human corneal epithelial cell line, the host heparan sulfate-

degrading enzyme, HPSE, is upregulated through NF-jB
and translocates to the cell surface upon HSV-1 disease for

the evacuation of HS and to facilitate viral infection

(Hadigal et al. 2015). Moreover, a significant change in

HPSE release occurred in vivo during infection of murine

corneas and the in vivo knockdown of HPSE hinders

shedding. By and large this suggests that HPSE acts as a
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molecular switch for turning cells from a virus-permissive,

attachment mode to a virus-deterring detachment mode.

Since many human viruses use HS as an attachment

receptor, the HPSE–HS interplay might outline a common

mechanism for virus release. Recent studies have suggested

that the overexpression of HPSE plays a role in various

pathways including angiogenesis, tumor metastasis, and

inflammation (Tiwari et al. 2015). HPSE disrupts epithelial

and endothelial membranes producing expanded vascular

porousness with leukocyte extravasation and releases HS-

bound cytokines and growth factors, which are normally

sequestered in the ECM, making them accessible for

angiogenesis. In light of these recent discoveries, heparanase

might be an extraordinary therapeutic target as heparanase

inhibitors may diminish viral discharge and control the host

inflammatory reaction. Therefore, targeting various dimeric

forms of NF-jB at different stages of infection can be useful

to design better therapeutic strategies.

NF-jB and COPD

COPD is a progressive pulmonary disease characterized

by chronic, abnormal inflammation of the airways, which

can be caused by several factors such as bacterial infec-

tion, exposure to smoke, and/or exposure to dust and

allergens. COPD involves oxidative stress, programmed

cell death, and impaired lung cell repair, which combined

can lead to emphysema. NF-jB is known to play a key

role in the pathogenesis of COPD through the induction

of several of the inflammatory mediators that cause this

disease (Kniss et al. 2001). Recent study demonstrated an

increase in the number of macrophages and CD8? and

CD4? T cells expressing NF-jB, STAT-4, and interferon

c in lung bronchial biopsies from patients with mild

COPD and from healthy smokers (Di Stefano et al. 2009).

In addition, exposure of the cytomembrane to cigarette

smoke (CS) or LPS increases the expression of TLR4,

phosphorylation of IKKa/b, activation of NF-jB, and

degradation of IjBa (Meng et al. 2013). The increase in

TLR4 expression is related to increase in NF-jB
translocation into the nucleus, which causes pronounced

IL-8 secretion, inflammatory cell infiltration, emphysema,

and release of Mucin 5AC (MUC5AC) (Fig. 5a).

MUC5AC is responsible for the mucus hypersecretion in

the pulmonary tracts that is linked to COPD. In fact,

CXCL8 has also been found to play a pivotal role in

inducing expression of MUC5AC in COPD (Gilowska

2014). Similarly, three of the proteins released by neu-

trophils—S100A8, S100A9 and S100A12—have been

recently identified to play a role in the increased pro-

duction of MUC5AC in chronic inflammatory diseases

like COPD and cystic fibrosis. These are being considered

as potential biomarkers for these diseases and may be

important for diagnostic purposes (Kang et al. 2015).

Another mechanism which can regulate NF-jB pathway

and affect inflammation is through the activity of histone

deacetylases. Exposure to cigarette smoke abrogates his-

tone deacetylase 2 (HDAC2) activity due to increased

expression of proteostasis mediators like valosin-

Fig. 4 NF-jB and infection with herpes simplex virus type 1 (HSV-

1). Activation of IKK and degradation of IjBa is observed during the

early stage of HSV-1 infection, which induces the translocation of

NF-jB from the cytoplasm to the nucleus. The second wave of NF-

jB activation is dependent on IjB turnover and is sustained for the

length of infection. Activation of NF-jB in HSV-1-infected dendritic

cells is also dependent on the activation of protein kinase R (PKR)

which leads to phosphorylation of eIF-2a, a translation initiation

factor that causes the inhibition of protein synthesis
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containing protein (VCP). VCP is a major retrograde

translocation factor that pulls out the proteins from estro-

gen receptor membrane that are destined for proteosomal

degradation. Since VCP is upregulated while protein

turnover is low in COPD, this may be an anticipated

mechanism to induce protein aggregation that triggers

chronic obstructive stress, inflammation and apoptosis

leading to the pathogenesis of severe emphysema. VCP

acts as an ubiquitin segregase that remodels protein com-

plexes by extracting polyubiquitinated proteins for

recycling or proteasomal degradation. Expression of pro-

teostasis mediators in the presence of CS and LPS is one of

the factors that correlate with the severity of COPD and

presentation of emphysema, and a direct correlation has

also been reported between higher expression of VCP and

the severity of emphysema (Min et al. 2011). In addition,

VCP induces pronounced expression of inflammatory

stress mediators like NF-jB (Vij 2008) and increased

expression of VCP is related to chronic inflammatory

diseases like cystic fibrosis. VCP is important due to its

role in protein extraction from the estrogen receptors (ER)

and ubiquitin–proteasome-mediated protein degradation by

endoplasmic reticulum-associated protein degradation. In

fact, VCP-mediated proteasomal degradation of IjBa leads

to increased activation of NF-jB. VCP also plays a role in

proteasomal degradation of HDAC2 and Nrf2, which leads

to corticosteroid resistance and oxidative stress, respec-

tively, during emphysema (Ito et al. 2006) (Fig. 5b). An

improved understanding of the proteostasis regulatory

networks in the lung will open multiple new areas for the

discovery of drugs and public health strategies to reduce

the burden of lung disease. Ivacaftor has been suggested to

protect against cigarette smoke-induced COPD by pro-

moting airway hydration and mucociliary clearance.

Therapies targeting histone acetyltransferases, particularly

HDAC2, likely operate through proteostatic mechanisms

(Balch et al. 2014). Even crude manipulations of pro-

teostasis with bortezomib, an inhibitor of the 26S

Fig. 5 NF-jB and chronic

obstructive pulmonary disease.

a Exposure of the

cytomembrane to cigarette

smoke or LPS increases the

expression of TLR4,

phosphorylation of IKKa/b,
activation of NF-jB activation,

and degradation of IjBa
degradation. b Another

mechanism which can regulate

NF-jB pathway and affect

inflammation is through the

activity of histone deacetylases

and exposure to cigarette smoke

abrogates HDAC2 activity due

to increased expression of

proteostasis mediators like

VCP. In fact, the degradation of

IjBa via VCP proteasomal

degradation leads to

overexpression of NF-jB
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proteasome, have proven remarkably effective for the

treatment of multiple myeloma and fibrosis in lung and

skin (Mutlu et al. 2012). Proteostasis research in the lung

could pave the way for rapid development of novel treat-

ments for common lung diseases including COPD,

idiopathic pulmonary fibrosis (IPF), acute lung injury

(ALI) and others for which there are few or no specific

therapies.

An approach to ameliorate NF-jB-dependent disease

symptoms is to inhibit the activation of NF-jB. This inhi-
bition can be achieved via interaction of peroxisome

proliferator-activated receptor-a with the p65 and c-Jun

subunits of NF-jB and AP-1, respectively, thereby regulat-

ing their transactivation and suppressing the expression of

cytokines like IL-6 (Chen et al. 2014; Delerive et al. 1999).

The expression of a mitochondrial sirutin, SIRT4, is mark-

edly down-regulated in CS-treated human pulmonary

endothelial cells. SIRT4 is a negative regulator of NF-jB
activation via IL-1b and thus its overexpression protects

endothelial cells against the CS-mediated oxidative stress

response (Chen et al. 2014). These results suggest that the

NF-jB signaling pathway and its mediators can serve as a

therapeutic target for treatment of COPD. However, con-

tradictory results regarding NF-jB signaling and COPD

have emerged recently, forcing the re-evaluation of previous

hypotheses. In yet another study, the role of NF-jB in CS-

induced inflammationwas studied using C57BL/6mice with

no increase observed in theDNAassociation ofNF-jBeither

on 3 or 14 days of exposure (Rastrick et al. 2013). Further-

more, there was no significant change in neutrophil counts in

bronchoalveolar lavage fluid from IKK-gene knock-outmice

as compared to the wild-type mice. These observations

suggest that CS-induced inflammation is actually indepen-

dent of the NF-jB pathway. However, because the

inflammatory response downstream of NF-jB signaling is

quite complex, it is possible that multiple factors are actually

involved which still need careful evaluation.

Interestingly, recent studies have shown that admin-

istration of antioxidants seems to be a rational adjunct

for treatment of COPD. For example, administration of

N-acetylcysteine (NAC) proved powerful in reducing

oxidative biomarkers in peripheral blood and exhaled

breath condensate and in lessening the rate of COPD

intensifications (Zhang et al. 2015). Antioxidant protec-

tion in the tissues, specifically in the respiratory tract, is

mainly provided by the glutathione, a redox-cycler thiol

present in the epithelial lining fluid. However, antioxi-

dant enzymes like superoxide dismutase and aldehyde

dehydrogenase also tend to balance the oxidant and

inflammatory reactions of cigarette smoke. Clinical

studies have shown a dose-dependent effect of NAC in

COPD patients (Cazzola et al. 2015; Sanguinetti 2015).

Attributable to antioxidant properties, NAC is able to

maintain redox-dependent cell signaling and transcrip-

tion, and in particular, the regulation of NF-jB, p38

MAPK and other pro-inflammatory genes. This positive

impact of NAC might be imparted by low NAC doses

over prolonged periods of administration; however, it

can be more quickly achieved when higher NAC daily

doses are given, which likely exerts greater control over

the activation of an inflammatory factor like NF-jB
(Zhang et al. 2015).

NF-jB in DNA Damage and Cancer

To maintain genomic stability, cells deal with various DNA

lesions including DNA double-strand break (DSB). DSBs

are caused by a variety of agents, including ionizing radi-

ation, chemical agents, ultraviolet light, and by-products of

the cell’s own metabolism such as ROS. Studies reveal that

every cell sustains a constant level of approximately 50,000

lesions. Among these, DSBs are notably lethal. If DNA

becomes damaged and is not repaired properly, the

resulting mutation significantly contributes to tumorigene-

sis and aging-related syndrome. Cells initiate DSB repair in

the context of chromatin that involves eviction of histone

and non-histone protein from the break site and affects the

transcription of gene located at break site (Panday et al.

2015b; Panday and Grove 2016; Tsukuda et al. 2005).

However, in response to severe DNA damage, cells choose

the option of apoptosis to avoid tumor formation. Several

reports show a connection between the NF-jB pathway and

DNA damage response (Guo et al. 2013; Janssens and

Tschopp 2006). An earlier report shows that DNA damage

sensor PARP1 assembles nucleoplasmic signalosome

involving ataxia telangiectasia mutated (ATM) resulting in

phosphorylation and sumoylation of IKKc and thereby

IKK activation (Fig. 6a) (Stilmann et al. 2009). Another

report shows that TNF-a-mediated interaction between NF-

jB and the homologous recombination (HR) protein leads

to the increased NF-jB transcriptional activity in breast

cancer-associated gene 1 (BRCA1). This increase in tran-

scriptional activity results in almost a threefold increase in

DSB repair efficiency (Benezra et al. 2003; Volcic et al.

2012). In most of the eukaryotes, including in mammalian

cells, DSBs can be repaired either by non-homologous end

joining (NHEJ), or by HR protein. Using K562 cells, it has

been shown that NF-jB/p65 stimulation upregulates HR

protein BRCA2 and ATM, and NHEJ protein ku70 (Volcic

et al. 2012).

Some studies connect signal transduction mechanisms

associated with DNA damage in the nucleus with the

activation of NF-jB in the cytoplasm (Janssens and

Tschopp 2006; McCool and Miyamoto 2012). The NF-jB
essential modulator (NEMO), also known as IKKc, is a
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regulatory subunit of IKK and plays an indispensable role

in the activation of NF-jB in response to DNA-damaging

agents. In this regard, NEMO-deficient fibroblast-derived

cell line 5R with impaired NF-jB activation when stably

reconstituted with wild-type NEMO showed restored NF-

jB activation demonstrating the role in NF-jB in cells

challenged with DNA-damaging agents (Courtois et al.

1997; Rooney et al. 1990; Yamaoka et al. 1998). Structural

analysis of NEMO reveals that NEMO consists of a

C-terminal zinc-finger domain and its deletion attenuates

NF-jB activation following treatment with the DNA-

damaging agents including aphidicolin or hydroxyurea

(Israel 2010; McCool and Miyamoto 2012). In addition,

zinc-finger domain is important for the post-translational

modifications (SUMOylation, phosphorylation, ubiquiti-

nation) of NEMO after DNA damage, and the impairment

in post-translational modification leads to the attenuation of

NF-jB activation (Mabb et al. 2006; Stilmann et al. 2009).

In 2012, Volcic et al. (2012) reported that NF-jB interacts

with CtIP–BRCA1 complexes and promotes BRCA1 sta-

bilization, and thereby contributes to homologous

recombination (HR) (Fig. 6a). Furthermore, this group also

showed induced expression of replication protein A and

Rad51 foci upon NF-jB activation (Fig. 6a). This indicates

HR stimulation through DSB resection by the interacting

CtIP–BRCA1 complex and Rad51 filament formation

(Volcic et al. 2012). Together, these studies suggest a

significant role of NF-jB in DNA repair; therefore, provide

an intriguing explanation for NF-jB-mediated resistance to

chemo- and radiation therapies, along with sensitization to

therapeutic intervention of NF-jB. Since DNA damage and

repair have been directly linked with the generation of

cancer, the role of NF-jB in cancer is not unrecognized.

Cancer is a hyperproliferative disorder resulting from

tumor initiation and promotion leading to tumor metastasis.

Various types of solid tumors including breasts, ovarian,

colon, thyroid, bladder, pancreatic and prostate carcinomas

as well as melanomas are characterized by persistent

Fig. 6 NF-jB pathway and DNA damage response. a DNA damage

sensor PARP1 assembles nucleoplasmic signalosome involving ATM

resulting in phosphorylation and sumoylation of NEMO and thereby

NF-jB activation. b The canonical NF-jB activation that contributes

to the initiation and progression of breast cancer mediated by pro-

inflammatory cytokines and NEMO that leads to the degradation of

IjBa and the translocation of p50/p65 heterodimer into the nucleus.

An alternative pathway is the partial degradation of the inhibitory

molecule p100 into p52 through NIK leading to the nuclear

translocation of p52/RelB dimers. c NF-jB acts as biphasic regulator

in ovarian cancer, as it plays a role as a tumor suppressor and induces

apoptosis but it can be reprogrammed and act as oncogene in

chemoresistant ovarian cancer cells. d NF-jB in myeloid cells

induces lung and pancreatic cancer through the secretion of pro-

inflammatory cytokines. Factors associated with angiogenesis like

vascular endothelial growth factor (VEGF), TNF-a, IL-8, IL-6, MCP-

1 and matrix metalloproteinases (MMPs) are also activated by NF-jB
in tumor cells
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activation of NF-jB transcription factors (Cherry et al.

2015; Omur and Baran 2014; Setia et al. 2014). The

oncogenic function of NF-jB has been well documented in

various types of cancers, and is due to its target genes

involved in anti-apoptosis, cell cycle progression, and

angiogenesis (Karin 2006; Luo et al. 2004; Wang et al.

1996). We will focus on the role of NF-jB in most com-

mon forms of cancer in this review (Table 2).

Breast cancer is the second most common cancer, after

lung cancer, and most common cancer among women. A

common hallmark in most breast cancer tumors is the

constitutive activation of NF-jB. NF-jB activation corre-

lates with the conversion of breast cancer cells to hormone

independent growth, a characteristic of more aggressive

and metastatic tumors (Chen et al. 2013). Progression of

tumor from hormone dependent to hormone independent

increases the risk of metastasis and decreases the treatment

options. The canonical NF-jB activation that contributes to

the initiation and progression of breast cancer mediated by

pro-inflammatory cytokines (TNF-a or IL-1b) (Hayden and
Ghosh 2008) (Fig. 6b). Apart from activating by classical

and alternative pathway, NF-jB is also activated by epi-

dermal growth factor (EGF) especially in estrogen receptor

(ER)-negative breast cancer cells (Biswas et al. 2000)

(Fig. 6b). EGF causes phosphorylation of IjBa at Tyr42,

and its ubiquitination in IKK-independent pathway unlike

TNF-a, EGF induced NF-jB activation in a dosage-de-

pendent manner but EGF-induced NF-jB activation

showed slower kinetics and lower optimal activation levels

suggesting differences in the activation mechanisms regu-

lated by TNF-a and EGF (Sethi et al. 2007).

Contribution of classical pathway in the progression of

breast cancer is substantiated due to a report which sug-

gested the role of peptide inhibitor for IjB-kinase in breast

cancer SKBr3 cells, which blocked heregulin-mediated

activation of NF-jB and induced apoptosis in proliferating

cells (Biswas et al. 2004). Heregulin is a soluble secreted

growth factor that involves in cell proliferation. MCF-7

human breast cell line overexpressing NF-jB protein p65

shows increased epithelial–mesenchymal transition, a

process by which cells lose their polarity and gain migra-

tory and invasive properties. Thus, in ER-negative breast

cancers, NF-jB acts as potential therapeutic target.

Role of alternative pathway in the development of breast

cancer is supported by the studies demonstrating overex-

pression of the NF-jB/p52 and increased p52/RelB activity

in breast cancer cells (MDA-MB-435 cells) (Cogswell et al.

2000; Dejardin et al. 1995). In mouse transgenic model on

B6D2 background, overexpressing p100/p52 in mammary

epithelium using b-lactoglobulin milk protein promotor

showed impaired normal ductal development (Connelly

et al. 2007). Furthermore, while the breast cancer cells

showed elevated levels of p100/p52, the normal human

epithelial cells were observed to have very low expression

(Connelly et al. 2007). The abnormally elevated levels of

p100/p52 causes the thickening of primary ducts, loss of

epithelial cell organization and small areas of hyperplastic

growth (Shostak and Chariot 2011). However, it is intriguing

that alternative NF-jB signaling pathway does not result in

elevated nuclear levels of p65. These findings indicate the

independent functioning of two pathways.

Like breast cancer, ovarian cancer is also a major cause

of cancer related deaths from gynecological malignancies,

and is also derived from epithelial origin. Ovarian cancer

has been linked to inflammatory processes, such as repe-

ated ovulation, endometriosis and pelvic infections

(Cramer and Welch 1983; Mandai et al. 2009). NF-jB acts

as biphasic regulator in ovarian cancer, as it plays a role as

a tumor suppressor and induces apoptosis but it can be

reprogrammed and act as oncogene in chemoresistant

ovarian cancer cells including SKOV3, HEY (Yang et al.

2011) (Fig. 6c). The tumor suppressor function of NF-jB
is mediated by down-regulating protein phosphatase 1a,
which leads to the preservation of phosphorylation on

MEK1/2 and ERK1/2 and the inhibition apoptotic pathway

(Yang et al. 2011) (Fig. 6c). The critical issue in ovarian

cancer treatment is the resistance to platinum-based

chemotherapy (treatment with cisplatin and related mole-

cules), and NF-jB acts as a key regulator for developing

this resistance and thus attributes to the aggressive

Table 2 Link between NF-jB activation and types of cancer

Cancer type NF-jB regulation

Breast cancer Constitutive activation of NF-jB: converts breast cancer cells to hormone-independent growth, aggressive and metastatic tumor

(Chen et al. 2013)

Ovarian cancer NF-jB acts as a biphasic regulator: tumor suppressor, inductor of apoptosis and oncogene (Yang et al. 2011)

Thyroid cancer NF-jB high basal activity, higher affinity to DNA in cancer cells (Namba et al. 2007)

Pancreatic

cancer

Rel A constitutive activated (Wang et al. 1999)

Lung cancer Activated NF-jB (Chen et al. 2011)
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recurrent ovarian cancer (Yang et al. 2011). Furthermore,

NIK-dependent non-canonical pathway of NF-jB provides

strength to the pathogenesis of ovarian cancer. Silencing of

NIK caused significant decrease in p52 and the phospho-

rylated forms of IKKa in ovarian cancer. Delayed ovarian

tumor formation was also observed when nude mice were

subcutaneously xenografted with NIK-depleted tumori-

genic ovarian cell line RMG-I, (Cherry et al. 2015).

Moreover, co-expression of transcriptional factors p65 and

RelB with IKKa is reported in patients having newly

diagnosed advanced ovarian cancer that indicates the role

of NF-jB in the pathogenesis of ovarian cancer (Annun-

ziata et al. 2010). Since NF-jB has biphasic role, NF-jB
targeting agents must be cautiously used in relation to

breast and ovarian cancer.

While discussing about the role of NF-jB in cancer, its

role in thyroid cancer cannot be left aside as it is the most

common endocrine malignancy and accounts for approxi-

mately 1 % of all newly diagnosed cancer cases (Parker

et al. 1997). The first evidence of NF-jB role in thyroid

cancer was reported as an aberrant NF-jB activity in the

nuclei of different thyroid cancer-derived cell lines

including TPC-1, WRO, NPA, ARO, FRO, NIM 1 and

B-CPAP (Visconti et al. 1997). Besides that, tissue speci-

men from primary human anaplastic thyroid carcinomas

also showed high basal activity of NF-jB (Mitsiades et al.

2006; Pacifico et al. 2004). Inhibition of programmed cell

death allows cancer cells to survive beyond normal life

span and promote tumor by angiogenesis and invasiveness

is also a hallmark of thyroid cancer cells. The BRAF gene,

which is a member of rapidly accelerated fibrosarcoma

family, a serine/threonine protein kinase (proto-oncogene)

acts as a bridge between the RAS and MAPK pathway and

regulates apoptosis and cell growth. Raf-1-mediated acti-

vation of NF-jB regulates the genes responsible for anti-

apoptotic behavior and invasiveness of thyroid cancer cells

(Palona et al. 2006). Furthermore, DNA-binding assay

depicts the elevated affinity of NF-jB to the DNA in

thyroid cancer cells (Palona et al. 2006).

Prevalence of both, pancreatic and lung cancer is very

high in United States and also worldwide. Pancreatic

cancer is well characterized by its aggressive and fast

metastatic nature which attributes to the high mortality

with an overall five year survival rate of 5 % (Jemal et al.

2008; Li et al. 2004). Furthermore, due to its poor prog-

nosis, it is the fifth leading cause of cancer deaths in United

States (Nitecki et al. 1995). Deregulated NF-jB signal

transduction pathway has been reported in the pancreatic

cancer. Human pancreatic adenocarcinoma and human

pancreatic cancer cell lines show constitutively activated

RelA (Wang et al. 1999). It is reported that the alternative

pathway characterized by the overexpression of NIK is

constitutively activated in pancreatic cancer cells (Nishina

et al. 2009; Wharry et al. 2009). The role of alternative

pathway in pancreatic cancer is further supported by

siRNA-mediated silencing of NIK expression that leads to

the suppression of rapidly dividing pancreatic cancer cells

line including PK-1, PK-59 (Nishina et al. 2009). Subcel-

lular fractionation studies performed using pancreatic

cancer cell lines, PANC-1, PK-1, and KP-1 N, showed

significant accumulation of p52 and RelB in nuclear frac-

tions which indicates processing of p100 to p52, thereby

strengthening the argument about the involvement of

constitutively activated alternative pathway in the pancre-

atic cancer (Nishina et al. 2009). In pancreatic cancer, the

upregulation of miR-301a is well reported. miR-301a

negatively regulates NF-jB-repressing factor (NKRF)

resulting in NF-jB activation in pancreatic cancer (Lee

et al. 2007; Lu et al. 2011). NF-jB in turn further promotes

miR-301a transcription resulting in a positive feedback

loop (Lu et al. 2011). Since NF-jB activation is regulated

in several ways and its dysregulation leads to the pancreatic

cancer; there is urgent need to develop strategy to control

the dysregulated NF-jB pathway and ameliorate pancreatic

cancer. NIK/miR-301a/NKRF regulates NF-jB activation

at different levels and can be targeted for intervention to

combat the dysregulated mechanisms.

In case of lung cancer, pertaining to cancer cell resis-

tance to chemotherapy and radiotherapy, the role of NF-jB
is well known (Chen et al. 2011). NF-jB in myeloid cells

induces lung cancer through the secretion of pro-inflam-

matory cytokines like CCL2, CCL3, IL-6 and TNF-a
(Chen et al. 2011) (Fig. 6d). A significant reduction in the

levels of these cytokines and infiltration of immune cells

was observed in lung cancer cells in response to blocking

of NF-jB by proteasome inhibitor MG-132. Furthermore,

reduction in tumor size was also observed in response to

blocking of NF-jB (Chen et al. 2011; Takahashi et al.

2010; Wong et al. 2010) Factors associated with angio-

genesis like VEGF, TNF-a, IL-8, IL-6, MCP-1, and matrix

metalloproteinases are also activated by NF-jB in lung

tumor cells (Chen et al. 2011; Grivennikov et al. 2010;

Wang and Lin 2008) (Fig. 6d).

Since NF-jB promotes angiogenesis and is involved in

cancer progression, it acts as a major target for the thera-

peutic purposes. Various pharmacological substances like

thalidomide, celecoxib, gemcitabine, cisplatin, doxoru-

bicin, genistein, bortezomib, sulfasalazine and others either

alone or in combination with radiotherapy or other phar-

macological agents have already entered clinical studies

and show promising results to treat various types of cancer

(Hada and Mizutari 2004; Heinemann et al. 2000; Jimeno

et al. 2006; Lo et al. 2010; Loehrer et al. 2011; Pavese et al.

2010; Wang et al. 2012). The use of the proteasome inhi-

bitor PS-341 as a systemic inhibitor of NF-jB in

conjunction with CPT-11 treatment (topoisomerase 1
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inhibitor) also helped in significantly improving

chemotherapeutic outcome through enhanced apoptosis

(Cusack et al. 2001). Other molecules that have been

shown to inhibit NF-jB include the non-steroidal anti-in-

flammatory drug sulindac, cyclopentenone prostaglandins,

arsenic trioxide, a variety of antioxidants, and natural

products such as parthenolide. On the other side, it is well

known that NF-jB plays an indispensable role in both

innate and adaptive immunity, so its inhibition may com-

promise the immunity. It remains to be investigated in

detail, whether NF-jB inhibition will attenuate or promote

the associated pathogenesis during the treatment of cancer

(Vallabhapurapu and Karin 2009).

Conclusions

The transcription factor NF-jB is the most common and

abundant of all transcription factors. Regulated by diverse

stimuli including genotoxic, inflammatory, and oxidative

stresses, NF-jB is also associated with cellular processes

including the response to DNA damage; however, aber-

rant activation of NF-jB is attributed to various ailments

including asthma, cancer, chronic obstructive pulmonary

disease, and cardiovascular disease. Because of its abun-

dance in cells and its importance in various diseases, NF-

jB is a focus of therapeutic intervention. Currently, most

research regarding this vital transcription factor is done

using cell cultures and animal models. Hence, future

studies will be required to define the clinical importance

of this factor in the mentioned ailments in humans. While

NF-jB regulates many genes, the regulation of NF-jB
itself is under epigenetic control, specifically through

modifications of NF-jB promoter. Thus, the role of his-

tone trimethylation within the NF-jB promoter and

deacetylation of histones or NF-jB by HDACs resulting

in regulation of NF-jB activity are important areas of

study and will provide additional insights from the

mechanistic point of view. In addition, it is important to

understand the role of the various dimeric forms of NF-jB
in different conditions as well as the numerous ligands

that activate or suppress their expression in response to a

diverse range of stimuli. Therapeutically, the major dif-

ficulty with long-term inhibition of the NF-jB family of

transcription factors is that they also play important roles

in the maintenance of cellular homeostasis, survival, and

host defense. Therefore, current research is focused on the

generation of unique approaches to inhibit specific

downstream targets of NF-jB responsible for specific

outcomes in various pathological conditions. With regard

to clinically relevant molecules, a recent report (Tornatore

et al. 2014) showed that DTP3, a tripeptide with similar

anticancer potency but greater cancer cell specificity

([100-fold) than the clinical standard, bortezomib,

blocked the NF-jB-regulated anti-apoptotic factor

GADD45b and the JNK kinase MKK7 leading to selec-

tive killing of myeloma cells. These findings underscore

the potential utility of targeting the NF-jB pathway as a

novel approach to generate improved therapeutic strate-

gies for various pathological conditions.
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