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Abstract

Nuclear factor-xB (NF-xB) is a key transcriptional factor family that consists of five members in
mammalian cells, including NF-xB1 (p50), NF-xB2 (p52), RelA (p65), RelB and c-Rel. NF-xB is
implicated in multiple physiological and pathological processes, including cell proliferation and
differentiation, inflammatory and immune response, cell survival and apoptosis, cellular stress
reactions and tumorigenesis. Recent studies by our group and others have highlighted the novel
functions of the p50 protein. In this review, we will focus on the regulation and functions of NF-
kB p50.

INTRODUCTION

NF-xB was first discovered as a transcription factor by demonstration of its DNA-binding
activity for the enhancer of the immunoglobulin « light-chain in activated B cells by
Baltimore in 1986. The NF-xB family consists of p50 (NF-xB1), p52 (NF-xB2), p65
(RelA), c-Rel (Rel), and RelB. Studies using mice deficient in NF-xB p65 demonstrate that
NF-xB plays roles in many different compartments of the immune system during lymphoid
cell and organ differentiation and immune activation, as well as multiple physiological and
pathological processes including inflammatory and immune response, cellular stress
reactions, carcinogenesis, cell survival and apoptosis [1, 2]. Growing evidence shows that
NF-xB activation can enhance specific anti-apoptotic gene expression, which then induces
cell survival in lymphocytes and many other cell types in various experimental systems.

Of the NF-xB family members, the function of NF-xB1 (p50), a member without
transcriptional activity, is far from understood. The nf-kb1 gene that is located at human
chromosome 4q24, encodes protein p105. p50 corresponds to the N terminus of p105, which
is called the Rel-homology domain (RHD). There is evidence indicating that p50 is
generated by the 26S proteasome-mediated removal of C terminal consensus sequence of
p105 [3]. As a cleaved product of p105, p50 only has the DNA binding domain and must
form a heterodimer with RelA, RelB or C-Rel to act as a transcription factor to regulate its
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target gene transcription. The p50 homodimer may also recruit the coactivator Bcl-3, one
member of 1«B family [4, 5]. Previous report shows that bcl-3, with novel binding property,
can inhibit the DNA binding of both the homodimeric NF-xB p50 subunit and a closely
related homolog p52. Bcl-3 phosphorylation partially inactivates its inhibitory property [6].

Since p50 lacks a transactivation domain, the homodimer can only translocate into the
nucleus and bind with the NF-xB binding sites of target genes. It cannot act as transcription
factor to regulate NF-xB downstream genes expression alone. For this reason, its biological
functions are much less studied in comparison with other members of NF-xB family. This
review will focus on the progresses made in regard to this particular issue.

p50 AND ITS ACTIVATION

p50 dimers are confined to cytoplasm through interaction with inhibitor proteins termed | Bs
or its precursor p105 in resting cells [7]. Stimulated by LPS, mitogens or inflammatory
cytokines, IxB proteins can become phosphorylated by IxB kinase (IKK) and degraded by
the 26S proteasome [8]. Activated IKK can phosphorylate p105 on serine residues 927 and
932, and resulting in the degradation of p105 to generate p50 [9]. Other studies show that
p50 homodimer can bind to DNA in unstimulated cells. p50 homodimers can associate with
histone deacetylase-1 (HDAC1) or be phosphorylated by the protein kinase A catalytic
subunit (PKAC) at serine residue 337; then it can bind to NF-xB-dependent genes and
repress their expression [10, 11] (Fig. 2B). Activated p5S0 homodimers or heterodimers can
translocate into the nucleus by their nuclear localization sequence (NLS) in C terminus and
bind to the promoter region of its target genes [12]. Recent studies show that
phosphorylation of serine residues is very important for the activation of the NF-xB family.
p50 phosphorylation at residues serine 65, 337 and 342 is critical for its DNA binding
function but not for its dimerization [13]. Further studies show that the p50 phosphorylation
at serine 337 is mediated by PKA [10, 13].

p50 MEDIATES GADD45a PROTEIN ACCUMULATION AND CELL
APOPTOSIS

Recent studies from our laboratory demonstrate that p50 can mediate the accumulation of
growth arrest and DNA damage 45a (GADD45a)) protein and in turn induces cell apoptosis
in cellular the response to arsenite exposure, suggesting a novel function of the p50 protein
[14]. We found that arsenite exposure can activate the MEKK4/INK signal pathway through
GADDA45a protein accumulation in mouse embryonic fibroblast (MEFs). Further studies
indicate that the GADD45a protein accumulation upon arsenite exposure is dependent on
p50 protein, which mediates the inhibition of proteasome-dependent GADD45a degradation
[14]. GADD45a is one member of the GADDA45 family whose expression could be induced
via either p53-dependent or - independent mechanisms. Exposure of organisms or cells to
environmental stress such as UV and y-irradiation can up-regulate GADD45a expression
[15]. The oligomerization of GADD45a plays a central role in the process of MEKK4
activation [16]. GADDA45a can bind to the N terminus of MEKK4 and induce N-C
dissociation, which leads to MEKK4 dimerization and autophosphorylation at threonine
1493, and subsequent activation [17, 18]. Activated MEKK4 can regulate MAPKK through
phosphorylation of its conserved threonine and/or serine residues, and subsequently activate
MAPKSs such as JNKs and p38 [17]. MEKK4 binding with other proteins can also
specifically activate the JNK signaling pathway which is involved in environmental stress-
induced cell apoptosis [19, 20]. The JNK signal pathway may have a feedback mechanism
to regulate the expression of GADD45a.. Yin et al. [21] reported that INK is involved in the
up-regulation of GADD45a. expression induced by arsenite. Our subsequent study also
demonstrates that coordination of INK1 and JNK2 is critical for GADDA45a. induction at late
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phase in cell responses to arsenite exposure, and that this process is regulated by c-Jun
dependent pathways [22] (Figs. 1 and 2C). Considering the crucial role of p50 in the
regulation of cell apoptosis, we anticipate that p50 itself could serve as a target for cancer
prevention and therapy.

p50 AND ITS ANTI-APOPTOSIS

The major anti-apoptotic effect of p50 is mediated by its function as a component of
transcription factor NF-xB. NF-xB is one of the major signaling pathways involved in
cellular response to environmental stress. It plays a central role in the inhibition of cell
apoptosis through modulation of several survival gene expressions [23, 24]. It has been
reported that p50 can selectively protect the small intestine from irradiation damage. p50~/~
mice exhibit elevated levels of apoptosis in intestinal epithelial cells compared with that in
wild-type mice [25]. There are reports demonstrating that TNF-a also induce cell anti-
apoptosis associated with NF-xB activation in human endothelial cells [26], prostate cancer
cells [27], and pancreatic cancer cells [28]. p50 protein has been reported as an important
component for NF-xB complexes induced by ionizing irradiation [29]. There are also
reports indicating that some anti-apoptosis proteins such as Bcl-xL, Fas-associated death
domain-like IL-1-converting enzyme inhibitor protein (FLIP), cellular inhibitor of apoptosis
(CIAP), and X chromosome-linked inhibitors of apoptosis (XIAP), are up-regulated through
NF-xB signalling pathway, and play role in the protection of cells from apoptosis in
malignant lymphoid cells, prostate and colon cancer cells [30-32]. Bcl-3 is over-expressed
in keratinocytes and human hepatocellular carcinomas and could act as a co-activator
binding with the p50 homodimer to form a Bcl-3/p50 complex, and it plays an important
role in anti-apoptosis and carcinogenesis [5, 33] (Fig. 2D).

INVOLVEMENT OF p50 IN CELL PROLIFERATION

Accumulating evidence shows that the NF-xB p50 signalling pathways play a role in
cellular proliferation. Studies using p50~/~ mice demonstrate that p50 deficiency represses
the expression of IL-5 that is crucial for cell proliferation in human eosinophil cells [34-36].
The investigation also demonstrates that p50 can regulate survival of cells in GO phase
through regulation of c-myc expression in B lymphocytes. p50 knockout results in the
reduction of B lymphocyte proliferation induced by mitogens [18, 37]. The studies using
p50~/~ mice also show that p50 is critical for IL-15-induced bone marrow (BM) cell
proliferation [38]. Moreover, the increase in the regeneration of liver observed in p50~/~
mice with partial hepatectomy has been associated with decreased transcription factor
STAT3 DNA binding activities and increased NF-xB p65 translocation [39]. p50 has been
shown to be implicated in the regulation of MAPK activation. For example, dendritic cells
(DC) from p50~/~ mice show the reduction of MAPKSs phosphorylation [40]. The
extracellular adenine nucleotide inhibitory effect on cell proliferation of human lung
adenocarcinoma cell line LXF-289 has also been reported to be mediated by p50 [41]. On
the other hand, many studies support p50 as a positive regulatory component of NF-xB on
cell proliferation by mediation of cyclin D1 expression. Two NF-xB binding sites have been
identified in human cyclin D1 promoter region [42, 43]. It has been found that obovatol, an
active compound isolated from M. obovata, can inhibit the growth of prostate and colon
cells by inhibition of cyclin D1 expression through targeting p50 and p65 [30]. In the
autochthonous transgenic mouse model, increases in p50 and p65 DNA binding activity are
associated with prostate cancer progression and up-regulation of cyclin D1 expression [44].
In contrast, the up-regulation of cyclin D1 transcription is not involved in the increase in cell
proliferation and liver tumor promotion in p50~/~ mice exposed to polychlorinated
biphenyls, a group of synthetic chemicals [45].
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p50, INFLAMMATION AND CARCINOGENESIS

The link between inflammation and cancers was observed almost 150 years ago and has
been supported by accumulated epidemiological studies [46—49]. The sustained existence of
a chronic inflammatory microenvironment is thought to be a major driving force for cancer
development [50]. It has been found that many cancers arise from sites of infection, chronic
irritation and inflammation [49]. The generation of p105~/~/p50~/~ mice and p105~/~/p50*/*
mice has provided the opportunity to detect the biological functions of p50 7 vivo. p105~/~/
p50*/* mice were generated through mutant mice lacking the COOH terminal half of the
precursor p105, but expressing the p50 product. These mice developed spontaneous
lymphocytic inflammation in the lung and liver, indicating the important role of p105 as a
suppressor of inflammation [51]. Gene deletion of NF-xB p50 did not alter the hepatic
inflammatory response to ischemia/reperfusion [52]. It has been found that the neutrophilic
inflammation and fibrosis of liver in the p50~/~ mice is more severe than that in wild-type
mice. Other reports show that the p50 subunit can inhibit inflammation through regulating
cytokine expression. p50 recruits its coactivators cCAMP response element-binding (CREB)
protein or Bcl-3, to form the complexes and promotes IL-10 expression, which is an anti-
inflammatory cytokine [53, 54]. Macrophages taken from p50~/~ mice decrease the secretion
of IL-10 and increase the production of pro-inflammatory cytokines such as TNF and IL-12.
The lack of p50 reduces the expression of histone deacetylase-1 (HDAC1), which can
repress TNF-a expression [54, 55]. Thus, p50 dimer may act as an active repressor of
inflammation. However, there are also many reports about p50 involvement in the process of
inflammation and carcinogenesis in some experimental systems. For example, it is well-
known that NF-xB is critical for the development of inflammation-associated cancers,
including hepatoma, some breast cancer and colitis-associated cancers [56-58]. Wang, et al.
reported that a peptide designed to bind with p50 can inhibit NF-xB activation and attenuate
local acute inflammation [59]. Tumor associated macrophage (TAM) has been demonstrated
to be an important player in carcinogenesis and it represents a major component of the
lymphoreticular infiltrate of tumors [60]. It polarizes to M1 or M2 phenotypes induced by
different stimuli. M2 TAM has a characterization of highly IL-10 expression and defective
expression of IL-12 [60, 61]. M2 TAM can infiltrate tumor tissues driven by tumor-derived
and T cell-derived cytokines [60, 61]. Previous studies indicate that the decreased
expression of IL-12 in TAMSs has been found to be associated with the inhibition of p50/p65
activation [62]. It has also been shown that p50 over-expression in normal macrophages
reduced their IL-12 expression, while over-expression of p50 in TAMS resulted in inhibition
of their M1 inflammation response and lost their anti-tumor activities [63].

Involvement of p50 in carcinogenesis has also been observed in clinical studies. It has been
reported that p50 promoter polymorphisms could be valuable for assessment of risk of oral
squamous cell carcinoma [46, 64]. The complexes of p50 homodimers and Bcl-3 are
activated in nasopharyngeal carcinoma [6, 65, 66]. p50 overexpression is also detected in
mouse skin cancer and non-small cell lung carcinoma [67, 68]. Since p50 over-expression is
frequently observed in various tumor tissues, it may be feasible to be the target for
chemoprevention and therapy.

CONCLUSION REMARKS

Although p50 is understood to exert its effects predominantly as a regulatory subunit of the
NF-kB complex, our recent studies have demonstrated a novel function for p50 whereby it
directly modulates GADD45a. protein expression and function. Therefore, p50 can
potentially regulate important mechanisms such as apoptosis and cell death independent of
the NF-xB complex. Since arsenite is a well-known environmental human carcinogen and is
widely used for cancer therapy, further studies on the mechanisms involved in the p50-
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mediated the increases in GADD45a de-ubiquitination will not only shed insight into the
molecular basis of this novel function, but may also provide the key information for research
of p50 as a potential target for cancer prevention and therapy.
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Fig. (1). Molecular mechanismsinvolved in p50-mediated apoptosis by ar senite

Arsenite exposure leads to IKK activated, which will interact with p50 to form IKK/p50
complex. IKK/p50 complex mediates GADD45a de-ubiquitination and protein
accumulation. Accumulated GADDA45a. protein activates MEKK4/JNKs pathway and in
turn results in cell apoptosis.
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Fig. (2). The activity of p50 homodimer and its functions

The p50 can be generated from p105 with removal of C-terminal by 26S proteasome. The
heterodimer of p105/p50 can be cleaved by 26S proteasome to active p50/p50 homodimer.
This homodimer become an inactive complex by binding to p105, and this complex also can
be cleaved to p50 homodimer by 26S proteasome. A. p50 homodimer can activate MAPKSs
or invoved in the up-regulation of Cyclin D1 expression and in turn promotes cell
proliferation. B. p50 homodimer associated with HDAC1 can bind to target gene promoter
and represses its target gene expression. C. Exposed to special chemical materials such as
asenite, activated p50 homodimer can increase in GADD45a protein de-ubiquitination, and
protect it from degradation, subsequently leads to JNKSs activation and in turn results in cell
apoptosis. D. p50 homodimer can also bind with Bcl3 and up-regulates the expression of its
target gene expression, and protects cell from undergo to apoptosis.
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