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Abstract
Systemic lupus erythematosus (SLE), an autoimmune disease, develops at a female-to-male ratio
of 10:1. Increased serum levels of type I interferons (IFN-α/β) and induction of “IFN-signature”
genes are associated with an active SLE disease in patients. Moreover, SLE patients exhibit three-
to four-fold increase in the risk of developing malignancies involving B cells, including non-
Hodgkin lymphoma (NHL) and Hodgkin's lymphoma (HL). Interestingly, homozygous mice
expressing a deletion mutant (the proline-rich domain deleted) of the p53 develop various types of
spontaneous tumors, particularly of B-cell origin upon aging. The deletion is associated with
defects in transcriptional activation of genes by p53 and inhibition of DNA damage-induced
apoptosis. Notably, increased levels of the p202 protein, which is encoded by the p53-repressible
interferon-inducible Ifi202 gene, in B cells of female mice are associated with defects in B cell
apoptosis, inhibition of the p53-mediated transcription of pro-apoptotic genes, and increased lupus
susceptibility. In this review we discuss how increased levels of the p202 protein (and its human
functional homologue IFI16 protein) in B cells increase lupus susceptibility and are likely to
increase the risk of developing certain B cell malignancies. A complete understanding of the
molecular mechanisms that regulate B cell homeostasis is necessary to identify SLE patients with
an increased risk to develop B cell malignancies.
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1. Introduction
Defects in innate and adaptive immune responses are associated with the development of
systemic lupus erythematosus (SLE), an autoimmune disease with strong sex bias [1-3].
SLE patients develop pathogenic autoantibodies against nuclear antigens and the disease
involves multiple organs, including the kidneys [2]. Moreover, consistent with a role for the
innate immune responses in SLE, increased serum levels of type I interferons (IFN-α/β) and
induction of “IFN-signature” genes are associated with active SLE disease in patients [4-6].
The IFNs are a family of cytokines, which inhibit cell proliferation and modulate cell
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survival [7]. In particular, IFNs inhibit apoptosis induced by signaling through the B-cell
receptor [8]. Therefore, it is interesting that individuals with SLE exhibit an increased
susceptibility to develop certain types of cancers [9,10]. Of particular concern are three- to
four-fold increases in the risk of developing malignancies involving B cells, including non-
Hodgkin lymphoma (NHL) and Hodgkin's lymphoma (HL) [9,10].

Mouse models of SLE have provided important insight into the pathogenesis of this disease
and defects in elimination of self-reactive cells and increased expression of the IFN-
inducible genes (ISGs) are also associated with the development of lupus-like disease in
certain strains of mice [1,4,5]. Moreover, mice that are defective in the type I IFN-signaling
do not develop lupus-like disease [11]. Furthermore, certain lupus-prone strains of mice are
reported to develop malignancies, including the malignancies involving the B cells
[12,13,14].

In this review we focus on the role of the IFN-inducible p200-family proteins, such as the
murine p202 protein, in the modulation of B cell survival and its role in lupus susceptibility.
In addition, we also discuss the relevance of findings concerning the p202 protein in human
SLE and an increased risk to develop B cell malignancies.

2. p53 in B cell survival and SLE
p53 protein is a sequence-specific transcription factor, which is conserved (78% amino acid
residues unchanged) between mouse and humans [15,16]. Upon activation by various stress
stimuli, the p53 protein binds to the regulatory region of target genes as a tetramer and
regulates transcription [16]. The binding of p53 to the regulatory region of the target genes
can either activate or repress transcription of genes. Therefore, transcriptional activation of
pro-apoptotic genes by p53 as well as transcriptional repression of the anti-apoptotic genes
is thought to contribute to the cell growth regulatory and apoptotic functions of the p53 [16].
The cell growth-inhibitory activities of p53 are important for tissue homeostasis as well as in
protection against the development of cancers. Notably, mutations in the TP53 gene are
associated with a poorer prognosis in NHL, diffuse large B-cell lymphoma (DLBCL), and
follicular lymphoma [17,18]. Furthermore, restoration of the p53 function in certain human
lymphoma cell lines inhibits cell proliferation and induces apoptosis [19].

Studies have indicated that the p53 induces apoptosis through transcription-dependent and
independent mechanisms [20,21]. The transcription-dependent mechanisms include binding
of p53 protein to the regulatory region of target genes in a sequence-specific manner,
resulting in transcriptional activation of pro-apoptotic genes (for example, PUMA and
gadd45) and transcriptional repression of anti-apoptotic genes, such as survivin and Ifi202
[22,23]. The transcription-independent mechanisms include the mitochondrial pathway,
which involves translocation of p53 protein to mitochondria and release of pro-apoptotic
proteins, such as cytochrome c, from the mitochondria, resulting in activation of the effector
caspases [24,25]. Moreover, a study has revealed that the translocation of p53 to
mitochondria in response to death stimuli triggers a rapid wave of caspase-3 activation and
cell death during the physiologic death response of radiosensitive organs, such as spleen and
thymus, in vivo [26].

Defects in p53-mediated apoptosis are linked to the development of SLE. In blood
lymphocytes from SLE patients with an active disease, relatively higher levels of the p53
protein are detected [21]. Given that type I IFNs increase p53 levels [27], which remain
transcriptionally inactive, it remains unclear whether p53 in lymphocytes of SLE patients
remains transcriptionally active or not. Moreover, p53 is required for spontaneous
autoantibody production in B6/lpr lupus-prone mice [28]. In contrast, mice null for the
Gadd45a gene develop lupus-like disease [29] and loss of expression of p21WAF1 (encoded
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by the p21 gene), a known transcriptional target of p53, is also linked to the development of
autoimmunity [30]. p53 inhibits autoimmune diabetes and innate immune responses through
down-regulating the expression of STAT1, a transcription factor that activates transcription
of the IFN-inducible genes, and production of proinflammatory cytokines [31]. These
observations make it likely that, depending upon the system, defects in p53-mediated
transcriptional activation and repression of genes that regulate cell survival contribute to the
development of autoimmune diseases.

Protein-protein interactions are central to the regulation of the p53-mediated functions,
including apoptosis [15,16]. It has been proposed that the proline-rich domain (PRD; amino
acid residues 63-85; Fig. 1) of p53 is important for the p53-mediated apoptosis that is
induced by DNA damage involving transcription-dependent and independent apoptosis
[16,32]. Based on in vitro studies involving cultured cells, it has been noted that the PRD
domain is indispensible for p53-mediated transcriptional repression of the target genes [33].
However, based on in vivo studies involving generation of mice with mutations in the PRD
domain of p53, the role of PRD domain in the regulation of p53-mediated apoptosis remains
unresolved. A recent study by Slatter et al [34] investigated the role of PRD domain in p53-
mediated apoptosis by generating p53 homozygous (p53 mΔpro/mΔpro) and heterozygous
(p53+/mΔpro) mice (on C57BL/6 background) that lacked the amino acid residues 58-88
within the PRD domain in p53 (Fig. 1). Characterization of these mice revealed that deletion
of amino acid residues 55-88 within the PRD domain in the murine p53 is associated with
inhibition of DNA damage-induced apoptosis. However, the deletion mutant could induce
an arrest of cell-cycle progression. Notably, cells from the mutant mice were defective in the
p53-mediated transcriptional activation of genes that encode the pro-apoptotic proteins.
However, the expression of the p53-repressible genes was not analyzed. The study also
noted that defects in expression of pro-apoptotic proteins were associated with the
development of various types of spontaneous tumors, particularly of B-cell origin in aged (7
months old) mice [34]. The prominence of B-cell malignancies in the homozygous
(p53 mΔpro/mΔpro) rather than the heterozygous (p53+/mΔpro) mice suggests a relatively
complex role of p53 as a transcriptional regulator during the B cell homeostasis.

3. p202 protein in lupus susceptibility
The p202a protein (encoded by Ifi202a gene) is a member of the interferon-inducible p200-
protein family [35,36]. The family includes structurally and functionally-related murine (for
example, p202a, p202b, p204, and Aim2) and human (for example, IFI16 and AIM2)
proteins [35]. The protein p202a differs from the p202b protein (encoded by Ifi202b gene) in
the N-terminus by seven amino acids residues [37]. Both proteins contain two repeat of 200-
amino acids residues [35]. The repeat contains two consecutive oligosaccharide/
oligonucleotide binding (OB-fold) folds [38], which allow the p202a protein to bind single
and double stranded DNA and interact with other proteins, including the p53 and NF-κB
(p50 and p65) [35,39].

Expression levels of the p202 protein depend on the mouse strain and gender [36,40].
Moreover, constitutive basal levels of the p202 protein are detected in the cytoplasm of
embryonic fibroblasts (MEFs) derived from the B6.Nba2 congenic (congenic for the NZB
derived Nba2 interval on C57BL/6 background) mice [36,41]. Furthermore, IFN-α treatment
of MEFs, which induces the p202 expression, potentiates the nuclear accumulation of the
p202 protein [42]. Similarly, p202 protein is detected in the cytoplasm of bone marrow-
derived macrophages (BMM) and in splenic B cells from C57BL/6 female mice [43,44]. In
contrast, in mouse fibroblast cell lines and in splenic B cells from the B6.Nba2 female mice,
the p202 protein is detected both in the cytoplasm and in the nucleus [44,45]. Consistent
with the presence of a mitochondrial targeting sequence in the p202a protein in the N-
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terminus, in the cytoplasm, a significant fraction of the p202a protein is associates with the
mitochondria [42]. Considering the above observations, it seems likely that sub-cellular
(cytoplasmic versus nuclear) localization of the p202 protein depends on several factors,
including the mouse strain, gender, cell types, and IFNs.

Increased levels of the p202 protein in B6.Nba2 splenic B cells are associated with defects
in apoptosis and accumulation of B cells in spleen, thus, resulting in splenomegaly [46]. We
have noted that increased expression of p202 in B6.Nba2 splenocytes is associated with up-
regulation of p53 protein levels and a significant (>70%) reduction in steady-state levels of
Gadd45a and PUMA mRNAs (PUMA is BH3-only pro-apoptotic protein), and a 50-60%
decrease in levels of p21 and Mdm2 mRNAs [46]. Moreover, increased levels of the p202 in
B6.Nba2 fibroblasts are associated with increases in survivin protein, an antiapopototic
protein, expression of which is transcriptionally repressed by the p53 [22]. Furthermore,
p202 protein binds to p53 in the PRD domain (Fig. 1) [46]. These observations suggest that
increased levels of p202 in B6.Nba2 B cells inhibit the p53-mediated transcriptional
activation of genes that encode pro-apoptotic proteins as well as transcriptional repression of
genes that encode anti-apoptotic proteins (Fig. 2).

Given that: (i) the p53 protein negatively regulates expression of the Ifi202 gene [23]; (ii)
the p202 protein can bind the PRD domain of p53 [46]; (iii) increased levels of p202 protein
in B6.Nba2 lupus-prone female mice are associated with an inhibition of p53-mediated
transcriptional activation of pro-apoptotic genes [46]; and (iv) p202 protein inhibits the p53-
induced apoptosis [46], it is likely that increased levels of p202 in B cells contribute to
increased risk to develop B cell malignancies (Fig. 2).

4. NF-κB and p202 in lupus susceptibility
The NF-κB family of transcription factors includes p50, p52 (NF-κB1 and NF-κB2,
respectively), p65 (RelA), c-Rel (Rel) and RelB proteins [47,48]. The p65, c-Rel, and RelB
proteins contain C-terminal transcriptional activation domains. Members of the NF-κB
family contain a Rel homology domain, which contains a nuclear localization sequence and
is involved in DNA binding, dimerization and interaction with κB inhibitory proteins (I κB).
The NF-κB proteins can form homo- or heterodimers in response to various stimuli. In
response to an activating signal, the p50 and p65 heterodimer is rapidly activated in cells to
activate the transcription of the target genes. In contrast, the p50/p50 and p52/p52
homodimers that lack transcriptional activation domains act as transcriptional repressors
[48].

SLE patients exhibit high plasma levels of the B cell activating factor (BAFF) [49], which
activates the NF-κB activity [50]. Like SLE patients, high serum levels of BAFF are also
noted in the murine models of the lupus disease and mice that overproduce BAFF develop
SLE- like disease and exhibit B cell activation [51]. The BAFF enhances the long-term B
cell survival primarily through the NF-κB activation [52]. The activation of NF-κB results in
integrin up-regulation, thereby retention of the autoreactive B cells in the splenic marginal
zone, a compartment that contributes to the survival of the B cells. Although, limited
information is available on the role of the NF-κB in lupus disease, a recent study compared
the NF-κB status in B cells between lupus-prone and non lupus-prone mice [53]. The study
noted that the NF-κB pathway is significantly up-regulated in B cells from unmanipulated
and anti-IgM-stimulated bicongenic mice as well as in BXSB and MRL/lpr mice but not in
B6.Sle1z monocongenic mice [53]. Since NF-κB is upregulated only in the strains that
develop severe lupus (but not the B6.Sle1z congenic strain), this study concluded that NF-κB
activation may be necessary for the development of lupus disease. Similarly, in a mouse
model of SLE, in which deletion of the inhibitory Fc receptor FcγRIIb results in the
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production of anti-nuclear antibodies and glomerulonephritis, the expression of the
inhibitory molecule IκB-α is significantly decreased in mice that developed SLE [54]. Thus,
these studies revealed that the occurrence of SLE in patients and certain mouse models of
the disease are significantly associated with the activation of NF-κB.

Although studies using various mouse models of the lupus disease have suggested a role for
NF-κB in B cell survival, it remains unclear whether the female sex hormones regulate the
NF-κB activity in B cells. A study has reported that treatment of total splenic cells with the
female sex hormone estrogen activates the NF-κB activity [56]. Moreover; IFN induces NF-
κB activation to mediate IFN-dependent cell survival signals [56].

The Lengyel laboratory has demonstrated that increases (∼50% increase) in levels of p202
protein in cultured murine fibroblast cell lines inhibit NF-κB-mediated transcription of
reporter genes and certain target genes [57,58]. The increased levels of p202 protein in cells
inhibit the specific DNA-binding activity of the transcriptionally active p65 homodimers and
p50/65 heterodimers [58]. However, the specific DNA-binding activity of the transcriptional
repressive p50 homodimers is increased by p202 protein. The p202 protein binds to the p50
and p65 proteins in vitro and in vivo, and the p202 protein is detected in the p50 homodimer
complex that binds to DNA [58]. However, increased expression of p202 in (NZB × NZW)
F1 dendritic cells has been reported to stimulate the NF-κB-mediated transcription of target
genes, such as IL-6 and IL-12p40 [59]. Similarly, increased levels of p202 protein in splenic
B cells from B6.Nba2 congenic female mice (as compared with the age and gender-matched
C57BL/6 mice) are associated with increased basal and TNF-α-induced transcriptional
activity of the NF-κB (Shen and Choubey, unpublished data). Therefore, it is likely that
increased levels of p202 protein in cells regulate the NF-κB activity in a cell type-dependent
manner.

Interestingly, p53 dependent apoptosis also requires the transcriptional activity of NF-κB in
some cell types [60]. Moreover, analogous to the p53 function during the B cell
development, the NF-κB also significantly contributes to the regulation of B cell
homeostasis and inhibition of NF-κB results in accumulation of immature B cells [48,61].
Therefore, it is likely that p53 and NF-κB transcription factors cooperate with each other in
regulating the B cell development. Given that the p202 protein can also modulate the
transcriptional activity of NF-κB in cell-type dependent manner [57-59], it is likely that
increased levels of the p202 protein in B cells, which are associated with increased NF-κB
activity, contribute to increased B cell survival (Fig. 2). The increased B cell survival is
known to contribute to B cell malignancies and autoimmunity [48].

5. IFI16 protein, a functional homologue of the p202
The p202 protein does not have any known human homologue [36,62]. However, the IFI16
protein, a member of the p200-protein family, is functionally similar protein in certain
aspects [62]. The IFI16 protein is detected primarily in the nucleus and increased expression
of IFI16 protein in normal human cells is associated with cellular senescence-associated
permanent cell growth arrest. Notably, up to 29% SLE patients develop high titer
autoantibodies to the IFI16 protein [62]. Although, the role of IFI16 protein in B cell
survival remains unknown, the following observations make the IFI16 protein a good
candidate for an increased risk to develop B cell malignancies in SLE patients: (i) IFI16
protein binds to p53 (Fig. 1) [63]; (ii) expression of IFI16 protein was reported to inhibit the
p53-mediated transcription of the p21 gene in human osteosarcoma cell line U2OS [62],
thus, raising the possibility that the IFI16-mediated regulation of p53-mediated transcription
depends on cell type [62]; (iii) expression of the IFI16 gene is reported to vary among
individuals [62], thus, raising the possibility that basal and IFN-induced increased levels of
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IFI16 protein in immune cells of certain SLE patients may inhibit the p53-mediated
transcription of target genes; (iv) increased levels of IFI16 mRNA are associated with
several aging-associated epithelial cancers [62]; and (v) functional p53 up-regulates
expression of the IFI16 gene in human normal diploid fibroblasts [64]. Given that re-
expression of p53 (Pro72) polymorphic form in Saos-2 cells up-regulates the expression of
IFI16 protein relatively more than the p53 (Arg72) form [65], it is conceivable that the Pro/
Pro genotype (as compared to the Arg/Arg genotype) of the p53 in SLE patients may
increase the risk of developing B cell malignancies. Accordingly, it is known that the
individuals who carry the Pro72 allele of the p53 have a higher risk of developing SLE than
those who carry the Arg72 allele [66]. Moreover, mutations in the p53 encoding gene (TP53)
are unfavorable prognostic factor in lymphomas in autoimmune diseases [67]. Therefore, it
would be important to determine whether a particular genotype of the p53 in SLE patients is
associated with increased levels of the IFI16 protein and, more importantly, with an
increased risk to develop B cell malignancies (Fig. 2).

Persistent activation of the NF-κB transcription factor is associated with the development of
B cell lymphoma [48]. Moreover, the IFI16 protein activates the NF-κB transcription factor
and potentiates the transcription of the target genes in human endothelial cells [68].
Therefore, it is conceivable that IFN-increased levels of the IFI16 protein in B cells activate
NF-κB transcription factor and increase transcription of the target genes. In addition, NF-κB
induces IL-6 expression in response to a variety of signals and IL-6 induces the IFI16
expression in human cell lines [62]. These observations along with the observations that
SLE patients exhibit increased levels of type I IFNs and IL-6 may suggest that the IFI16-
NF-κB-IL-6 axis could contribute to the B cell pathologies, including the increased risk to
develop B cell malignancies (Fig. 1).

6. Conclusions
Studies have revealed that development of SLE in patients and certain mouse models of the
disease have several common risk factors, including being female, increased serum levels of
type I IFNs, and induced expression of “IFN signature” genes in immune cells [2,3,7].
Therefore, an increased risk to develop B cell malignancies among SLE patients raise
several questions, including: Do the female sex hormones (for example, estrogen) and
increased levels of the type I IFNs contribute to an increased risk to develop B cell
malignancies in SLE patients? Do signaling pathway(s) that are activated by the female sex
hormones and/or the type I IFNs increase the B cell survival? Do proteins, expression of
which is regulated by the female sex hormones and/or type I IFNs, modulate the B cell
survival? To begin to address these important questions, it would be important to determine
whether increased nuclear levels of the estrogen and IFN-inducible p202 protein, which are
associated with increased lupus susceptibility in certain strains of female mice, also
contribute to B cell malignancies. The availability of mouse models, such as the one
described by Slatter et al. [34] should allow to test whether: (i) levels of the p202 protein
increase in the homozygous (p53 mΔpro/mΔpro) mice than the wild type mice; (ii) there are
differences between the homozygous and heterozygous (p53+/mΔpro) mice with respect to
the p202 expression; and (iii) there is sex bias in the development of various B cell
malignancies in the homozygous (p53 mΔpro/mΔpro) mice. In addition, a careful re-
examination of the current strains of lupus-prone mice (including the NZB and (NZB/W)F1),
which express increased levels of the p202 protein [36], is needed to determine whether
increased levels of the p202 protein in B cells are associated with an increased risk to
develop B cell malignancies. Furthermore, the role of IFI16 protein needs to be investigated
in B cell survival following the activation of p53. A complete understanding of the
molecular mechanisms by which the p200-family proteins regulate B cell homeostasis is
necessary to identify SLE patients with an increased risk to develop B cell malignancies.
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Fig. 1.
Top panel: p53 protein and its structural domains: the transactivation domain (TAD),
proline-rich domain (PRD), specific DNA-binding domain (DBD), tetramerization domain
(4D), and C-terminal regulatory (CT) domain. The p202-binding region (amino acids
residues 43-83) within the proline-rich domain of the p53 protein is indicated [46]. The
amino acid residues (Δ63-85) that were deleted in the murine p53 protein in the study by
Slatter et al. [34] are also indicated. The IFI16-binding region (amino acids residues
362-393) within the proline-rich domain of the human p53 protein is indicated [63]. Middle
panel: p202 protein and its structural domains. The p53-binding region (amino acid residues
255-273) in the p202 protein is indicated. Lower panel: IFI16 protein and its structural
domains. The p53-binding region (amino acid residues 155-476) in the IFI16 protein is
indicated.
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Fig. 2.
Model for the proposed role of the p202 and IFI16 proteins in the regulation of B cell
survival. (a) Increased levels of p202 in B cells from the B6.Nba2 congenic female mice are
associated with defects in apoptosis [46]. The defect is associated with inhibition of the p53-
mediated transcriptional activation of pro-apoptotic genes and inhibition of p53-mediated
transcriptional repression of anti-apoptotic genes. The p202 protein binds to the PRD
domain of the p53 [46]. The p202 protein also modulates the transcriptional activity of NF-
κB in a cell type-dependent manner [57-59]. Increased levels of the p202 protein in splenic
B cells from B6.Nba2 female mice are associated with the activation of NF-κB
transcriptional activity. (b) Increased levels of IFI16 protein in immune cells are predicted to
increase B cell survival by inhibiting the p53-mediated transcription of pro-apoptotic genes.
The Pro/Pro genotype (as compared to the Arg/Arg genotype) of the p53 in SLE patients
may increase the risk of developing B cell malignancies by up-regulating the expression of
the IFI16 gene. The IFI16 protein activates the NF-κB transcriptional activity in endothelial
cells [68].
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