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Abstract
Systemic lupus erythematosus (SLE) is the prototype of complex autoimmune diseases. Studies have
suggested that genetic, hormonal, and environmental factors contribute to the development of the
disease. Interestingly, several recent studies involving SLE patients and mouse models of the disease
have suggested a role for interferon (IFN)-stimulated genes (ISGs) in the development of SLE. One
family of ISGs is the Ifi200-family, which includes mouse (Ifi202a, Ifi202b, Ifi203, Ifi204, and
Ifi205) and human (IFI16, MNDA, AIM2, and IFIX) genes. The mouse genes cluster between serum
amyloid P-component (Apcs) and α-spectrin (Spna-1) genes on chromosome 1 and the human genes
cluster in syntenic region 1q23. The Ifi200-family genes encode structurally and functionally-related
proteins (the p200-family proteins). Increased expression of certain p200-family proteins in cells is
associated with inhibition of cell proliferation, modulation of apoptosis, and cell differentiation. Our
studies involving generation of B6.Nba2 congenic mice, coupled with gene expression analyses,
identified the Ifi202 as a candidate lupus-susceptibility gene. Importantly, recent studies using
different mouse models of SLE have suggested that increased expression of Ifi202 gene (encoding
p202 protein) in immune cells contributes to lupus susceptibility. Consistent with a functional role
for the p202 protein in lupus susceptibility, increased levels of IFI16 protein in human SLE patients
are associated with the diseases. This review summarizes recent findings concerning the regulation
and role of p200-family proteins in the development of SLE.
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1. Introduction
Interferons (IFNs) are a family of cytokines [1–3]. The family includes Type-I (IFN-α and
IFN-β) and Type-II (IFN-γ) IFNs among others [1,2]. Infection of cells with certain viruses or
treatment of cultured cells with polyinosinic: polycytidylic acid (polyI: C) results in production
of IFNs as a part of anti-viral cellular response [4]. The IFNs exhibit multiple biological
activities both in vitro and in vivo [1–4]. These activities include well-characterized antiviral
and immunomodulatory activities, and relatively less understood cell growth-regulatory
activities, such as inhibition of cell proliferation and modulation of cell survival [1,2].
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Binding of an IFN (α, β, or γ) to the corresponding cell surface receptor results in activation
of the Janus family of tyrosine kinases and activation of signal transducer and activator of
transcription (STAT) proteins [1,4]. Importantly, transcriptional activation of IFN-stimulated
genes (ISGs) by the activated STATs results in induction of IFN-inducible proteins that mediate
the biological activities of IFNs [1,5]. One family of structurally-related IFN-inducible proteins
is the p200-family [6,7].

Systemic lupus erythematosus (SLE) is the prototypical autoimmune disease of unknown
etiology [8–11]. The disease predominantly affects women between the age of 15 and 40-years
[10,11]. The disease is a heterogeneous syndrome with a complex immunopathogenesis. The
disease has potential to affect many organ systems, including the skin, kidneys, and nervous
system [10,12]. Elevated levels of antinuclear autoantibodies (ANA) are a hallmark of SLE.
Interestingly, recent studies have indicated that SLE patients with active disease have elevated
levels of interferon-α/β in their serum [13–20]. Moreover, consistent with increased serum
levels of IFN-α in SLE patients, studies [13,15,19,20] have demonstrated that peripheral blood
mononuclear cells from SLE patients exhibit a gene expression profile indicative of an active
IFN-α signaling. Additionally, a strong correlation between the expression levels of IFN-α-
inducible genes and renal disease has been reported [15].

Several mouse models of SLE have been used [8,21–24]. For example, (NZB × NZW)F1 mice
spontaneously develop an autoimmune glomerulonephritis associated with anti-dsDNA
antibody deposits [8,10,21–24]. MLR/lpr mice also produce high amounts of autoantibodies.
The lpr (lpr: lymphoproliferation) trait results from an autosomal recessive mutation in Fas
gene leading to the accumulation of non-deleted autoimmune T and B lymphocytes [24].
Notably, defects in the Fas gene are not found in human SLE patients. In BXSB mice, Yaa (Y-
linked autoimmune accelerator) induces severe disease in males, but not in females [24,25].
In all these mouse models of SLE, mice develop increased levels of anti-nuclear antibodies
and kidney disease, which are also seen in patients with SLE [21–25].

Several studies [26–32] involving mouse models of lupus have provided evidence for the IFN-
signaling in the development of lupus-like disease. For example, lupus-prone mice that cannot
signal through the IFN-α/β receptor fail to develop lupus-like disease [26,27] and treatment of
(NZB × NZW)F1 lupus susceptible mice with IFN-α accelerates disease development and
death. Importantly, a recent study has provided a direct proof that increased levels of IFN-α
induce early lethal lupus in pre-autoimmune (NZB × NZW)F1 but not in Balb/c mice [28].
The study also demonstrated that the prolonged expression of IFN-α in vivo leads to dramatic
acceleration of lupus manifestation in young lupus-prone mice. Moreover, the study also
revealed that increased levels of IFN-α in mice are not sufficient to induce lupus disease and
the genetic background appears to play a critical role. Consistent with a role for genetic
background of mice in lupus susceptibility, it has been reported that type I IFNs suppress
autoimmunity in MRL/lpr mice [33]. Moreover, antibody-mediated blockade of type I
interferon activity in B6.Sle2 mice and C57BL/6 control mice augmented serum autoantibody
levels and boosted B1a cell numbers [34], indicating that increased serum levels of the type I
interferons have different role in some mouse models of SLE.

There are excellent reviews [6,7,35–40] concerning the structural similarities among the p200-
family proteins and their role in the regulation of cell growth and differentiation. Therefore,
focus of this review is on the recent advances in our understanding of the regulation and role
of the p200-family proteins in the development of autoimmune diseases. It is anticipated that
recent genetic and molecular studies concerning the Ifi200-family genes and encoded proteins
will advance our understanding of the role of IFNs in the development of autoimmune diseases,
such as SLE
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2. Interferon-inducible Ifi200-family genes
The p200-family proteins are encoded by Ifi200-family genes [6,7]. The family includes mouse
ISGs (for example, Ifi202a, Ifi202b, Ifi203, Ifi204 and Ifi205) and human ISGs (for example,
IFI16, MNDA, AIM2, and IFIX). The murine Ifi200-family genes cluster between Apcs
(encoding serum amyloid P-component or Sap protein) and Spna-1 (encoding α-spectrin
protein) genes on chromosome 1 and the human Ifi200-family genes cluster in syntenic region
1q23 [6,7,38,39]. Based on genetic studies using various mouse models of lupus disease and
human SLE patients, the human 1q23 region is predicted [41,42] to harbor autoimmunity
susceptibility genes.

3. Mouse Ifi200-family genes in lupus susceptibility
New Zealand Black (NZB) mice develop a lupus-like autoimmune disease that is characterized
by production of autoantibodies and mild glomerulonephritis that develops late in life [8–10,
24]. Offspring (NZB × NZW)F1 of the cross between NZB and New Zealand White (NZW)
mice develop a progressive immune complex-mediated glomerulonephritis and high titer anti-
dsDNA antibodies. These mice are considered to be excellent models of SLE [8,24].
Importantly, characterization of immune defects in (NZB × NZW)F1 mice has contributed to
our understanding of the human lupus disease.

Mapping studies [9,10] have revealed that susceptibility to lupus disease in NZB and (NZB ×
NZW)F1 mice is polygenic, with multiple genes contributing to the generation of
autoantibodies, kidney disease, and mortality. In particular, genetic loci on NZB chromosome
1 have been shown in multiple crosses to play a prominent role in disease susceptibility [10].
In particular, an interval extending from ~79 to 109 cM, which is termed Nba2 (NZB
autoimmunity 2) has emerged as a major genetic contribution for the development of lupus-
like disease [10,43].

Our studies [36,44] involving generation of congenic mice (designated as B6.Nba2) on C57BL/
6 background, which contains the Nba2 interval, revealed that the congenic female mice
develop splenomegaly and produce high titer IgG anti-nuclear antibodies. Interestingly, the
NZB-derived Nba2 interval contains the Ifi200-gene cluster [44]. Furthermore, in an
independent study, Wither et al. reported [45] that mice that are congenic for the NZB derived
interval extending from 85–106 cM (this interval includes the Ifi200-gene cluster) on C57BL/
6 background also develop splenomegaly, anti-nuclear antibodies, and increased memory T
cells. These observations are consistent with an important role for Ifi200-family genes in lupus
susceptibility in NZB and (NZB × NZW)F1 mice.

In our study [44], a comparison of gene expression analysis in splenic cells between C57BL/
6 and B6.Nba2 congenic female mice revealed that: (i) Ifi202 (probably both Ifi202a and
Ifi202b genes; see below) expression is up-regulated in B6.Nba2 mice; (ii) Ifi203 expression
is down-regulated in B6.Nba2 mice; and (iii) Ifi204 expression remains unchanged between
C57BL/6 and B6.Nba2 mice. Interestingly, a SNP in the promoter region of the Ifi202 gene
correlated well with levels of expression: high in NZB and Balb/C mice that share the 95 C-
allele, low in NZW, C57BL/6, and B10 mice that are characterized by a 95 T-allele. Although,
these observations provided evidence that a particular SNP (the 95-C allele) in the promoter
region of the Ifi202 gene is associated with increased steady-state levels of Ifi202 mRNA in
congenic mice and the development of lupus-like disease, these observations did not provide
a molecular basis for allelic variation contributing to alterations in the expression of Ifi202
gene. Our further analysis (see below) of the promoter region of the Ifi202 gene in C57BL/6
and NZB mice has identified additional polymorphisms in the promoter region that could
account for differential expression of Ifi202 gene between the C57BL/6 and NZB mice.
Additionally, we have identified polymorphisms in the coding region of the Ifi202 gene in the
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NZB mice (see below), which could account for increased levels of p202 protein in the B6.Nba2
mice through post-translational mechanisms.

Notably, steady-state levels of Ifi202 mRNA are not detectable in splenic cells from C57BL/
6 mice and cells derived from these mice [6,44,46]. However, the steady-state levels of
Ifi203 mRNA are readily detectable in C57BL/6 mice [44]. Interestingly, a recent study [47]
has revealed that the Ifi203 mRNA is multiply spliced and encodes for at least two p203
proteins. Intriguingly, the study also revealed that p203 proteins are exclusively detected in
the liver of adult C129/SvJ and C57BL/6 mice. Because p200-family proteins are predicted to
homo- and heterodimerize [35,36,48], and levels of p200-family proteins are also regulated by
post-transcriptional mechanisms [36], further studies are needed to examine potential role for
other p200-family proteins, such as p203 and p204 proteins, in lupus susceptibility.

4. The Ifi202 genes in mouse models of SLE
The Ifi202 gene sub-family includes Ifi202a, Ifi202b and Ifi202c genes [35,36,49]. The
Ifi202a gene encodes p202a protein and the Ifi202b gene encodes p202b protein. Co-expression
of Ifi202a and Ifi202b genes has been reported [49,50] in mouse tissues. Interestingly, ratios
of Ifi202a and Ifi202b mRNAs differ among various adult mouse organs and tissues and the
ratio is 1:1.2 in the spleen [49]. Of note, Ifi202a knockout (Ifi202a−/−) mice do not have any
phenotype [49]. This is in part because in organs (including in spleen) and in mouse embryonic
fibroblasts (MEFs) from the knockout mice the Ifi202b mRNA and protein levels are
detectable. Moreover, there is a post-transcriptional compensatory increase in p202b protein
levels in the Ifi202a−/− MEFs [49], raising the possibility that the compensatory increases in
p202b protein levels in Ifi202a knockout mice could account for the lack of a phenotype.
Importantly, our studies [50] have revealed that B6.Nba2 splenic cells express detectable levels
of both Ifi202a and Ifi202b mRNAs.

In addition to our studies involving generation of B6.Nba2 congenic mice [36,44], several
recent studies (see below) have provided additional evidences for the idea that increased
expression of Ifi202 (probably both Ifi202a and Ifi202b) gene in certain strains of mice is
strongly associated with increased susceptibility to develop lupus disease.

4.1. Increased expression of Ifi202 in Apcs knockout mice
Mice with targeted disruption of the Apcs gene (encodes serum amyloid P-component) on a
mixed genetic background (129/Sv × C57BL/6; F2) were reported [51] to develop high titers
of anti-nuclear antibodies (ANA) and severe glomerulonephritis, a phenotype resembling SLE
patients. However, in a subsequent study [52], which assessed the effect of genetic background
and linked genes on autoimmunity in Apcs-null mice, revealed that genetic disruption of the
Apcs gene is not sufficient for autoimmunity. Interestingly, the study found that production of
ANA in Apcs−/− mice as compared to Apcs+/+ (129/Sv//Ev × C57BL6 × C3H/He) mice was
associated with increased expression of Ifi202 mRNA in splenic cells. Because the study
[52] ruled out the possibility that Sap protein expression suppresses the expression of the
Ifi202 gene on a C57BL/6 background, the study suggested that autoimmunity in the Apcs−/−

129/Sv//Ev × C57BL/6 mice is due to the expression of 129/Sv//Ev-type genes, such as
Ifi202. Furthermore, because an interval (87.9–105 cM) from 129-derived strain of mice on
C57BL/6 genetic background is known to develop lupus-like disease in hybrid mice [53], the
above observations raise the possibility that increased expression of 129 allele of Ifi202 gene
in the hybrid (129 × C57BL/6) mice contributes to lupus-like disease.
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4.2. Functional interactions between Yaa locus and Nba2 interval in congenic mice
Y-linked autoimmune accelerator (Yaa) locus, which is present on the Y chromosome of the
BXSB lupus-prone mice, is responsible for the accelerated development of lupus-like
autoimmune syndrome in BXSB mice and in their F1 hybrids with NZB or NZW mice [24,
25]. Interestingly, the Yaa locus has been identified to overexpress the toll-like receptor 7
(TLR7) [54,55], activation of which by single-stranded RNA is likely to increase expression
of interferon-α. Notably, Yaa locus itself is not sufficient to induce significant autoimmune
responses in non-lupus-prone mice. However, it can induce and accelerate the development of
SLE in combinations with autosomal susceptibility alleles present in lupus-prone mice [25].
It has been shown that the Yaa defect is functionally expressed in B cells, but not in T cells
[25]. Thus, it has been postulated that the Yaa defect may decrease the threshold of BCR-
mediated signaling thereby triggering and excessively stimulating autoreactive B cells.
Interestingly, comparative assessment of three different B6.Yaa mice congenic for each three
different NZB susceptibility interval (Nba2, Nba5, or Sgp3) [56], together with analysis of
backcross mice, has revealed that the Nba2 interval regulates all three traits (anti-nuclear
autoantibody production, gp70-anti-gp70 immune complex (gp70 IC) formation, and
glomerulonephritis) that are associated with SLE disease. Importantly, the study [56] suggested
that the presence of both Yaa and Nba2 is sufficient to induce a lethal form of lupus-like
nephritis in C57BL/6 mice. Because our study [36,44] suggested that interferon-inducible
Ifi202 gene is a major contribution from the Nba2 interval, further studies are desirable to assess
the relative contribution of the Ifi202 gene in this mouse model of lupus disease.

4.3. Increased expression of Ifi202 gene in Balb/c.C1 (77–105 cM) congenic mice
A recent study [57] utilized a murine model of lupus that is congenic for the NZB chromosome
1 on Balb/c genetic background to refine the pattern of differential transcriptional activation
of Ifi200 genes between the two strains of mice. Comparison of the expression of Ifi200-family
genes among splenic CD19+ B cells and CD4+ T-cells from NZB, Balb/C, and Balb/c.C1(77–
105 cM) congenic mice revealed a significant over-expression of Ifi202 gene in congenic mice
and reduced expression of Ifi203, Ifi204, and Ifi205 genes [57]. Of note, reduced expression
of Ifi203 gene in Balb/c.C1(77–105 cM) congenic mice in this study is consistent with our
previous studies [44] indicating that increased expression of Ifi202 gene (or increased levels
of p202 protein) in B6.Nba2 mice is associated with reduced expression of Ifi203 mRNA.
Together, these observations raise the possibility that increased expression of p202 protein in
the B6.Nba2 congenic mice regulates the expression of Ifi203 gene. Therefore, further work
will be needed to determine how increased expression of p202 (p202a and p202b) protein
regulates the expression of Ifi203gene in lupus-prone mice.

4.4. Identification of Ifi202 gene as a candidate for lupus susceptibility in B10.Yaa.Bxs2/3
congenic mice

Generation of B10.Yaa.Bxs2/3 congenic mice, coupled with gene expression analyses, has
identified the IFN-inducible Ifi202 gene as a lupus susceptibility gene [25]. This independent
study further suggests a role for p202 protein in lupus susceptibility in B10.Yaa.Bxs2/3 mouse
model.

4.5. Autoimmunity in MRLlpr/lpr mice and p202 expression
To determine whether increases in levels of p202 (p202a and p202b) protein in cells of the
immune system contribute to lupus susceptibility in other lupus-prone mice, we have compared
p202 protein levels in splenocytes isolated from age-matched MRLlpr/lpr mice and wild type
(MRL+/+) mice [22,24]. As shown in Fig. 1, levels of p202 protein were much higher in
MRL lpr/lpr female mice than age-matched (~12 months) wild type female mice. These
observations indicated that the development of autoimmunity in MRLlpr/lpr female mice is also
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associated with increases in p202 protein levels. Consistent with our above observations, a
study [58] has revealed that increased expression of Ifi202 in spleen and kidney cells of MRL/
lpr female mice is associated with development of lupus disease.

Although, the above studies [25,55,56,57, and Fig. 1] have provided evidences that increased
expression of Ifi202 gene in certain strains of mice is associated with the development of lupus
disease, signaling pathways that regulate the expression of the Ifi202 gene in immune cells
remain to be elucidated. Moreover, it remains unclear how increased expression levels of the
p202 protein in immune cells of lupus-prone mice contribute to the development of lupus
disease.

5. Regulation of Ifi202 expression
Most cells produce basal low constitutive levels of type I IFNs (IFN-α and IFN-β) [59].
Therefore, it seems likely that the IFN-induced signaling pathways contribute to the regulation
of Ifi202 gene expression in IFN-responsive cells. However, there are studies (see below) that
suggest that IFN-independent signaling pathways also regulate expression of Ifi202 gene in
immune and non-immune cells.

5.1. IFN-mediated Ifi202 regulation
Previous studies [6,46] using Northern hybridization technique to detect Ifi202 mRNA levels
had indicated that most cultured mouse fibroblasts and certain adult mouse tissues express low
basal levels of Ifi202 mRNA. Moreover, IFN (α or β) treatment of cultured fibroblasts increases
the steady-state levels of Ifi202 mRNA [6]. Furthermore, the increase in Ifi202 mRNA (and
protein) is, in part, due to increases in the transcriptional rate of the Ifi202 gene [6]. Of note,
studies using Northern hybridization indicated that splenic cells from non-lupus-prone C57BL/
6 mice and immortalized embryonic fibroblasts from these mice do not express detectable
levels of Ifi202 mRNA [6,46]. Although, these studies provided very useful information
concerning steady-state levels of Ifi202 mRNA, the technique failed to detect low basal steady-
state levels of Ifi202 mRNA and did not distinguish between the expression levels of Ifi202a
and Ifi202b mRNAs.

Using primers specific to Ifi202a or Ifi202b gene and semi-quantitative RT-PCR, a study
[49] indicated that most cells and cell type that were tested express mRNAs encoded by both
Ifi202a and Ifi202b genes. Therefore, using the gene-specific primers in RT-PCR, we tested
whether splenic cells from B6.Nba2, C57BL/6, and NZB mice express detectable levels of
Ifi202a, Ifi202b, or both mRNAs. Our experiments [50] revealed that NZB, B6.Nba2, and
C57BL/6 cells express detectable levels of both mRNAs. Interestingly, levels of Ifi202a mRNA
are relatively higher than the Ifi202b in NZB and B6.Nba2 mice. In contrast, levels of
Ifi202b mRNA are higher than Ifi202a in C57BL/6 mice. Furthermore, using antibodies to
p202 protein, which allow detection of both p202a and p202b proteins in immunoblotting
[49], we could detect p202 protein in NZB and B6.Nba2, but not in C57BL/6, mice. These
observations raise the possibility that post-transcriptional and post-translational mechanisms
contribute to the lack of detection of p202 protein in the C57BL/6 splenic cells.

A recent study [60] reported that sera derived from lupus prone NZB mice had higher levels
of IFN-α as compared to age-matched Balb/C mice after injection of the TLR9 ligand,
indicating that the NZB mice mount faster and stronger response to microbial material than
the Balb/C mice. Importantly, consistent with IFN-mediated up-regulation of Ifi202 expression
[35], the study [60] also revealed that dendritic CD4+ and CD4− cells derived from bone
marrow of NZB mice expressed much higher levels of Ifi202 mRNA than Balb/C mice.
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It has been reported [27–29] that the effects of double-stranded RNA or IFN-α depend on the
genetic background of mice. A recent study [29] showed that treatment of (B6.Nba2 × NZW)
F1 mice, but not (B6 × NZW)F1 or parental strains (B6.Nba2, C57BL/6, or NZW), with polyI:C
(or double-stranded RNA), which increases the expression of IFN-α/β, resulted in increased
levels of proteinurea and lupus-like nephritis in mice. Because increased expression of
Ifi202 gene in B6.Nba2 mice in part depends on IFN-signaling [30], the above observations
raise the possibility that IFN-induced increased levels of p202 protein in (B6.Nba2 × NZW)
F1 mice contribute to increased levels of proteinurea and lupus-like nephritis. Further work
will be needed to test this hypothesis.

5.2. IFN-independent Ifi202 regulation
There are studies that IFN-independent signaling pathways also regulate expression of the
Ifi202 gene in immune and non-immune cells: (i) during the differentiation of C2C12 myoblasts
to myotubes in vitro, steady-state levels of the Ifi202 mRNA and protein are increased [61];
(ii) under reduced serum culture conditions, levels of the Ifi202 mRNA and protein increase
in mouse fibroblasts [62]; (iii) Notch signaling positively regulates the expression of the
Ifi202 mRNA in CD4+ and CD8+ double positive thymocytes [63]; (iv) steady-state levels of
Ifi202 mRNA and protein decrease after increases in steady-state levels of wild type p53 protein
and activation of p53 by DNA-damaging agents in cultured fibroblasts [64]; (v) Ifi202 mRNA
and protein levels decrease after serum (or growth factor) stimulation of serum-starved growth-
arrested fibroblasts and the decrease is associated with activation of certain E2F-family of
transcription factors [65], and (vi) transformation of NIH 3T3 cells with activated H-Ras results
in up-regulation of Ifi202 mRNA and protein [66].

Consistent with the above observations that expression of Ifi202 is also regulated by IFN-
independent mechanisms; our studies revealed that in B6.Nba2 splenocytes expression of
Ifi202 gene is up-regulated by IL-6 treatment [67]. Likewise, we recently noted [68] that
stimulation of splenic T cells in vitro with anti-CD3 and anti-CD28 up-regulates the expression
of the Ifi202 gene. Furthermore, generation of B6.Nba2 mice that were defective in type I IFN-
signaling revealed that the defect resulted in only two fold reduction in Ifi202 mRNA levels
in splenocytes as compared to the wild type mice [30]. Together, these observations suggest
that both IFN-dependent and independent signaling pathways contribute to Ifi202 expression
in immune cells of the B6.Nba2 lupus-prone mice.

5.3. Promoter polymorphisms and differential expression of Ifi202 gene
The 5’-regulatory region of Ifi202 gene is polymorphic [44]. Therefore, it seems likely that
these polymorphisms could account for differential regulation of the Ifi202 gene expression in
certain strains of mice. Because an earlier study [69] had indicated that ~800-bp 5’-regulatory
region of the Ifi202 gene contributes to transcription regulation, we sequenced the 5’-regulatory
region of Ifi202 gene from C57BL/6 and NZB mice and compared the sequence. The sequence
comparison revealed numerous polymorphisms between C57BL/6 and NZB mice (Fig. 2),
including a 3 bp (TTT) insertion in the NZB allele. These sequence polymorphisms between
the C57BL/6 and NZB mice are predicted to result in differences in binding of transcription
factors to the Ifi202 gene in vivo (Table 1).

Of note, a polymorphism at nucleotide −394 in the 5’-regulatory region of Ifi202 gene in NZB
mice results in a typical TATA box sequence (TATAAAA). The TATA-binding protein (TBP)
recognizes the TATA box [70] that is often found in genes that are highly transcribed.
Importantly, the polymorphism at −394 position results in a weak TATA box (TACAAAA)
in the C57BL/6 allele (Fig. 3). Additionally, a strong TATA box is also found in the promoter
region of the Ifi202gene in AKR mice [71]. Consistent with the presence of a strong TATA
box in the AKR and NZB alleles of the Ifi202 gene, cells from these mice contain relatively
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higher steady-state levels of Ifi202 mRNA. Furthermore, consistent with the presence of a
strong TATA box in the NZB, but not in C57BL/6 (B6), allele of Ifi202 gene, we noted
appreciable (~2.5-fold) differences between the activity of B6-202-luc and NZB-202-luc
reporter in B6 MEFs under normal (10%) and reduced (1%) serum conditions (data not shown).
Interestingly, consistent with regulation of Ifi202 gene by serum growth factors [62], the
difference between the two reporter activities was more (~3.5-fold) under reduced serum
conditions (data not shown). Together, these observations suggest that the promoter region
polymorphisms contribute to differential expression of the Ifi202 gene between C57BL/6 and
NZB mice.

5.4. Polymorphisms in the coding region of the Ifi202 gene
We have also sequenced (NCBI sequence accession # DQ222946.1) the coding region of the
Ifi202 gene in the NZB mice and compared (Fig. 4) the coding sequence with our previous
Ifi202 sequence [71]. The comparison revealed that the coding region of the Ifi202 gene in
NZB mice is polymorphic, resulting in changes in six amino acids in the p202 protein (Fig. 4).
Although, the significance of these amino acids changes in NZB-derived p202 protein remains
under investigation, these polymorphic changes in the amino acid sequence of the p202 protein
have potential to affect its functions through altering the protein stability, sub-cellular
localization, and/or protein-protein interactions. Further work will be needed to test this
hypothesis.

5.5. Gender bias in the development of SLE and Ifi202 expression
Gender bias is observed in the development of human SLE [72,73]. Similarly, it is known that
female (NZB × NZW)F1 mice are more prone to lupus disease than male mice [74–76].
Consistent with these observations, a recent study [75] noted that female B6.Nba2 mice
produce higher levels of anti-dsDNA, anti-ssDNA, anti-chromatin, and anti-histone
autoantibodies than age-matched male mice. Moreover enhancement of autoantibody
production in female mice is also apparent in (B6.Nba2 × NZW)F1 mice, which develop
glomerulonephritis. Female (B6.Nba2 × NZW)F1 mice produce more anti-ssDNA, anti-
chromatin, anti-dsDNA, and anti-histone autoantibodies than male (B6.Nba2 × NZW)F1 mice.
Furthermore, total IgG levels are also 2-fold higher in female mice than male mice and female
mice also develop more severe renal disease. These observations are consistent with the
possibility that gender bias in lupus susceptibility that is observed in B6.Nba2 and (B6.Nba2
× NZW)F1 mice is associated with differential expression of lupus susceptibility genes, such
as Ifi202 gene, between female and male mice. Therefore, further work will be needed to
determine whether gender-dependent factors contribute to the regulation of Ifi202 expression.

It has been reported [77] that activation of TLR7 in cells derived from female SLE patients
induces production of IFN-α at much higher levels than male patients. This could account for
gender bias in the development of human SLE. However, it remains unknown whether gender-
specific differences in the expression of TLR7 (or other TLRs) could account for gender bias
in the development of lupus in mice.

6. The p202 proteins
The protein p202a (encoded by Ifi202a gene) is the first and the best-characterized member of
the p200-protein family [6,35,36]. The protein, p202b (encoded by Ifi202b gene) differs from
the p202a protein only in 7 N-terminal amino acids out of 445 [49]. Based on detection of
steady-state levels of the Ifi202a or Ifi202b mRNA levels by semi-quantitative RT-PCR, both
the mRNAs are co-expressed in several mouse tissues [49] and splenic cells from NZB and
B6.Nba2 mice [50]. Interestingly, the steady-state levels of Ifi202a mRNA are relatively higher
than the Ifi202b in B6.Nba2 mice [50]. However, because polyclonal antibodies that were
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raised against the full-length p202a protein [78] detect p202a and p202b proteins (Xin et al.,
unpublished data), the relative contributions of the p202a and p202b proteins in total cellular
levels of p202 protein remain unknown. Therefore, it remains to be seen whether in B6.Nba2
mice (and in other lupus-prone mice) levels of p202 proteins (p202a and p202b) are
differentially regulated in immune cells in cell type-specific manner.

The protein p202 (p202a) is detected as a phosphoprotein (52-kDa) in mouse fibroblasts in
immunoblotting [78]. Moreover, the IFN-induced levels of p202 protein in cultured mouse
AKR-2B fibroblasts are detected both in the cytoplasm and in the nucleus [78]. The cytoplasmic
localization of p202 protein in B6.Nba2 fibroblasts is consistent with the lack of a classical
nuclear localization signal (NLS) in the p202 protein [35,78]. Therefore, it is likely that the
nuclear localization of p202 protein is regulated (see below) in immune cells and may depend
on cell type-specific factors. Consistent with this idea, it has been demonstrated that the large
increases in the levels of p202 protein during differentiation of C2C12 myoblasts in vitro are
associated with translocation of p202 protein into the cytoplasm [36].

6.1. Regulation of sub-cellular localization of p202 proteins by IFNs
In IFN-treated cultured fibroblasts, p202 protein (possibly both p202a and p202b) is detected
both in the cytoplasm and in the nucleus [78]. Consistent with the presence of a mitochondrial
targeting sequence in the p202a protein in the N-terminus [78,79], in the cytoplasm, a
significant fraction of p202 protein (possibly both p202a and p202b) associates with the
mitochondria [79]. Additionally, we found that the constitutive levels of p202 protein are
primarily detected in the cytoplasm of B6.Nba2 MEFs and IFN-α treatment of B6.Nba2 MEFs
potentiated nuclear accumulation of p202 protein [79]. Because the p202a and the p202b
proteins differ in 7 amino acids in the N-terminus [49], it is conceivable that these differences
account for differential association of these two proteins with the mitochondrial membranes.
Furthermore, because p202 (p202a) protein has the ability to forms homo- and heterodimers
[35,48], further work will be needed to determine what factors regulate sub-cellular localization
of p202 proteins in immune cells.

Interestingly, a recent study [30] has indicated that B6.Nba2 and (B6.Nba2 × NZW)F1 mice,
which are deficient in IFN-α/β-receptor signaling, fail to develop anti-nuclear antibodies and
renal disease. Because nuclear localization of p202 protein in B6.Nba2 mouse embryonic
fibroblasts (MEFs) is stimulated by IFN-α treatment [79], it seems likely that in B6.Nba2 mice
the lack of signaling through the Type I IFN receptor results in nuclear exclusion of the p202
proteins, resulting in defects in nuclear functions of p202 proteins. Thus, functional inactivation
of p202 proteins in the IFNAR−/− B6.Nba2 mice could account for the lack of anti-nuclear
antibodies and renal disease. Obviously, further studies are needed to test the above hypothesis.

6.2. Inhibition of cell growth and modulation of apoptosis by p202 proteins
The ability of p202 (possibly both p202a and p202b) protein to retard cell proliferation and
modulate cell survival is thought to depend on its ability to bind with certain transcription
factors and modulate their transcriptional activities [7,35,36]. These transcription factors
include: c-Fos, c-Jun, c-Myc, NF-κB (p50 and p65), E2Fs (E2F1 and E2F4), and p53 [35,36].
Binding of p202 protein to most (excluding the p53) of these transcription factors results in
inhibition of the sequence-specific DNA-binding activity [35].

Of note, increased expression of Ifi202 in dendritic cells from the NZB mice is associated with
retardation of cell proliferation [60]. This observation is consistent with our previous
observations [35,36] that increased expression of p202 in a variety of cultured cells retards cell
proliferation.
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Because p53 [80–83] and E2F-family [83–87] of transcription factors are thought to contribute
to the development of autoimmunity through defects in apoptosis of immune cells, we have
further investigated the functional interactions between p202 protein and these two
transcription factors in the B6.Nba2 mice to understand the molecular mechanisms by which
increased expression of p202 protein in these lupus-prone mice contributes to lupus
susceptibility.

6.2.1. Disruption of mutually-negative regulatory feedback loop between
interferon-inducible p202 protein and p53 in lupus-prone mice—p53 protein is a
transcription factor, which is activated in cells in response to several stimuli, including DNA
damage, hypoxia, and oxidative stress [88,89]. The activation of p53 in cells results in binding
of p53 to its DNA-binding consensus sequence that is present in its target genes. The binding
of p53 to its target genes results in either transcriptional activation or repression of genes
[89]. Importantly, proteins that are encoded by the p53 target genes contribute to either cell
growth arrest or apoptosis. For example, transcriptional activation of p21 gene results in
increases in p21CIP1 protein levels and cell growth arrest. Likewise, transcriptional repression
of the Ifi202 gene by p53 results in increased susceptibility to apoptosis [64]. Moreover, the
lack of expression of p53 target genes, such as Gadd45a [81] or p21 [90] in mice has been
reported to result in lupus-like disease.

Studies have provided evidence that p53 is required for spontaneous autoantibody production
in B6/lpr lupus mice [82]. Generation of double mutant mice (p53−/− lpr) having defects in
both p53- and Fas-dependent pathways revealed that these mice have lower autoantibody levels
than the single mutant lpr mice. These studies suggested a role for p53 in the progression of
autoimmunity and the production of autoantibodies. Consistent with the above studies, a recent
study [83] revealed that the p53-deficient mice are more susceptible to streptozotocin-induced
diabetes than control mice. Moreover, these mice produced higher levels of pro-inflammatory
cytokines, such as interleukin-1, -6, and -12. The innate immune response of p53−/−

macrophages to lipopolysaccharides and γ-interferon was significantly enhanced compared
with p53+/+ cells. Additionally, p53−/− macrophages produced more pro-inflammatory
cytokines and higher levels of total and phosphorylated signal transducer and activator of
transcription (STAT)-1 [91]. These results indicate that p53 inhibits autoimmune diabetes and
innate immune responses through down-regulating STAT-1 transcription factor and pro-
inflammatory cytokines.

Because p53 represses transcription of Ifi202 gene through binding to a p53 DNA-binding site
[64] and increased expression levels of p202 protein inhibit the p53-mediated transcription
[92], the above observations prompted us to examine whether increased expression of p202
protein in immune cells of B6.Nba2 mice has any effect on p53 functions. We found [93] that
increased expression of p202 protein in the B6.Nba2 splenocytes, as compared with cells
derived from the parental C57BL/6 mice, was associated with increased levels of p53 protein
and inhibition of p53-mediated transcription of its target genes that encode pro-apoptotic
proteins, such as Gadd45a and Puma. Conversely, knockdown of p202 expression in B6.Nba2
cells resulted in stimulation of p53-mediated transcription. Furthermore, we also noted that:
(i) p202 protein bound to p53 in the N-terminal region (amino acids 44–83) comprising the
proline-rich region that is important for p53-mediated apoptosis; and (ii) increased expression
of p202 protein in B6.Nba2 mouse embryonic fibroblasts inhibited p53-mediated apoptosis.
Taken together, our observations support the idea that increased levels of p202 protein (possibly
both p202a and p202b) in B6.Nba2 mice increases the susceptibility to develop lupus, in part,
by inhibiting p53-mediated apoptosis. Further work will be needed to determine whether the
functional interactions between p53 and p202 protein are regulated in cell-type specific
manner.
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6.2.2. Disruption of mutually-negative regulatory feedback loop between
interferon-inducible p202 protein and the E2F-family of transcription factors in
lupus-prone mice—The E2F family of transcription factors consists of six E2Fs which
heterodimerize with one of the two different DP proteins to create 12 different DNA-binding
transcriptional regulators [94–96]. The formation of heterodimeric protein complexes is shown
to be essential for the production of high affinity E2F protein-DNA complexes since E2F
homodimers have minimal DNA-binding activity and DP homodimers have little or no affinity
for DNA-binding [94,96].

The E2F factors can be divided into three subgroups: (i) E2F1, E2F2, and E2F3, which are
highly related and display overall maximal expression in G1 to early S phase; (ii) E2F4 and
E2F5, which are less responsive to changes in proliferation and lack an N-terminal domain
present in E2Fs 1 to 3; and (iii) E2F6 that lacks both the N-terminal region common to E2Fs
1 to 3 and the C-terminal trans-activation domain common to E2Fs 1 to 5. The E2F trans-
activation domain is encoded within an acidic carboxy-terminal region that also carries a site
for binding by pocket proteins, such as pRb, p107, and p130 [96].

Known E2F target genes are numerous and include critical cell cycle regulators (e.g., cyclins,
Cdks, and Cdk inhibitors), as well as important mediators of DNA synthesis (e.g., DNA
polymerase α, DHFR, and thymidine kinase) [94,96,97], and pro-apoptosis genes (e.g., p73,
Bim, Puma). Genes controlled by E2F family of transcription factors show low promoter
activity in quiescent and early G1 phase cells and high promoter activity in late G1 and S phase
cells.

The activity of E2F2 is required for suppression of T cell proliferation and immunologic self-
tolerance [85]. Consequently, mice null for E2F2 develop late-onset autoimmune features,
characterized by widespread inflammatory infiltrates, glomerular immunocomplex deposition,
and anti-nuclear antibodies. Importantly, E2F2 appears to repress the transcription of the E2F1
whose activity is required for normal S phase entry [85]. On the contrary, E2F1 positively
regulates the expression of E2F2 [85]. Because p202 inhibits the transcriptional activity of a
subset of E2F family members [98,99], it is likely that alterations in the levels of p202 in a
subset of T cells affect E2F2 levels and/or activity, resulting in defects in immunologic self-
tolerance.

Consistent with the above observations, we noted [100] that increased expression of Ifi202 in
the B6.Nba2 congenic mice was associated with inhibition of E2F1-mediated transcription and
decreased expression of E2F1 and its target genes that encode pro-apoptotic proteins. These
observations support the idea that increased levels of p202 in certain strain of mice contribute
to lupus susceptibility in part by inhibiting E2F1-mediated pro-apoptotic functions.

7. The human p200-family proteins in autoimmune diseases
Increased serum levels of interferon-α are detected in the majority of SLE patients [17–19].
Moreover, PBMCs from these patients exhibit interferon gene expression signature: expression
levels of mRNAs encoded by the ISGs are up-regulated. Interestingly, knockdown of FcγRIIB
in human PBMCs, which results in up-regulation ISGs, also results in up-regulation of steady-
state levels of IFI16 mRNA [101]. Consistent with a potential role for the IFI16 protein in
immune regulation, a study has suggested a role for IFI16 protein in T-cell development
[102]. Furthermore, the naïve CD8+ T cells express relatively low levels of IFI16 mRNA.
However, memory CD8+ cells express intermediate levels of IFI16 mRNA whereas the effector
CD8+ cells express the highest levels of IFI16 mRNA [102]. These observations provide
support for the idea that IFI16 protein may have role in differentiation of naïve CD8+ cells.
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The IFI16 proteins (IFI16A, B, and C proteins) share the structure similarities with the murine
p202 proteins (p202a and p202b) and appear to have a role in autoimmune diseases [36,39].
Moreover, increased expression of IFI16 protein in endothelial cells is shown to induce
expression of pro-inflammatory cytokines [103]. Importantly, basal and IFN-induced
expression of IFI16 gene varies among individuals and may depend on the race [39]. Moreover,
we found that the coding region of the IFI16 gene has polymorphisms, which could account
for its differential regulation and functions in immune cells among individuals [39], raising the
possibility that increased expression levels of IFI16 protein in immune cells contributes to
lupus susceptibility. Consistent with this idea, it has been reported that the protein may be
involved in the pathophysiological mechanisms of connective tissue disorders, such as
systemic sclerosis [104,105]. Moreover, up to 29% SLE [104] and 70% Sjogren’s syndrome
[106] patients develop autoantibodies to the IFI16 protein. Although, the significance of these
observations remains unclear in the development of SLE and other autoimmune disease, it is
conceivable that increased levels of IFI16 proteins in immune cells contribute to defects in cell
survival and apoptosis, resulting in increased susceptibility to develop SLE and other
autoimmune diseases.

A study has revealed that increased steady-state levels of MNDA mRNA are associated with
IFN signature in glomeruli isolated from a group of SLE patients [107]. However, the
significance of the increased levels of MNDA mRNA in SLE-associated pathophysiology of
glomeruli remains unclear.

In a recent study [57], authors fine mapped 317 kb of genome region encompassing the human
Ifi200 gene cluster using single nucleotide polymorphism (SNP)-based genotyping in 350
nuclear United Kingdom (UK) SLE patients. This study revealed an association signal in the
PYHIN1-IFI16 intergenic region. Moreover, the strongest association signal was noted within
the 3’-untranslated region of PYHIN1. These observations raise the possibility that
polymorphisms in the human Ifi200-family genes contribute to alterations in expression of
certain IFI200-family genes. Therefore, further work will be needed to examine this possibility.

8. Conclusions
Several independent studies have provided evidence that the p200-family proteins participate
in the regulation of cell growth and survival. Moreover, these studies have suggested that
increased expression of Ifi202 gene in certain strains of mice is associated with defects in
apoptosis of immune cells.

Based on recent studies using various congenic strains of mice, it is evident that increased
levels of Ifi202 (probably both Ifi202a and Ifi202b) mRNA in immune cells are associated with
development of lupus-like disease. Because cellular levels of p202 protein and its nuclear
localization are regulated, it will be important to examine the regulation and role of p202
(probably both p202a and p202b) proteins in lupus-prone strains of mice.

The demonstrated ability of IFN-inducible p202 protein (possibly both p202a and p202b
proteins) to inhibit cell proliferation and modulate cell survival in a variety of cell systems
provides support for the idea that the p202 protein mediates the biological activities of IFNs.
However, several IFN-independent signaling pathways appear to regulate the expression levels
of p202 (probably both p202a and p202b) protein. Therefore, a complete understanding of the
molecular mechanisms is needed to understand how p202 protein levels are regulated in
immune cells.

The p202 protein has the ability to form homo- and heterodimers. Therefore, it is likely that
physical interactions between the p202 protein and other family members, such as p203 and
p204 (and may be other proteins), contribute to the regulation of nuclear localization p202
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protein and its ability to modulate the transcriptional activities of factors that regulate cell
survival, such as NF-κB, AP-1, E2Fs, and p53. Consistent with this idea, we have found that
increased expression levels of p202 protein in female B6.Nba2 mice are associated with
inhibition of p53 and E2F-mediated transcription of pro-apoptotic genes. Therefore, further
work will be needed to determine whether increased levels of p202 protein in other lupus-prone
mice modulate the transcriptional activities of pro- and/or anti-apoptotic factors.

Our understanding of the regulation and role of IFN-inducible p202 proteins in immune cells
will provide novel insights into the signaling pathways and the molecular mechanisms that
contribute to the development of lupus disease. These studies are likely to advance our
knowledge of IFN-inducible proteins in the development of SLE. Increased understanding of
the role of IFN-inducible genes and encoded proteins in SLE has potential to develop new
approaches to diagnose and treat SLE patients.
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Figure 1.
Total cell extracts from splenocytes isolated from age-matched MRL+/+ (lanes 1–3) or
MRLlpr/lpr (lanes 4–6) mice were analyzed by immunoblotting using antibodies specific to the
indicated proteins.
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Figure 2.
A comparison of the 5’-regulatory sequences of the Ifi202 gene between C57BL/6 (B6) and
NZB mice. A complete nucleotide sequence for the B6 mice is shown and a sequence for the
NZB mice is shown only when it is either polymorphic or there is an insertion of nucleotides.
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Figure 3.
The presence of a typical TATA sequence in the NZB allele is predicted to result in higher
basal and induced (induced by IFN, or IL-6) levels of transcription of the Ifi202 gene in the
B6.Nba2 congenic mice.
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Figure 4.
A comparison of the amino acid sequences of the p202 protein, which was previously published
(ref. 71; the sequence was derived from mouse EAT cell line) by us, with that of the NZB mice
derived p202 protein sequence. A complete amino acid sequence of the p202 protein from EAT
cell line is shown and the sequence for the NZB-derived p202 protein is shown only when it
is polymorphic.
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Table 1
Locations of polymorphic sites in the 5’-regulatory region of the Ifi202 gene in C57BL/6 and NZB mice. The
polymorphic sites that are predicted to result in alterations potential DNA-binding sites for transcription factors are
indicated.

Relative location of
polymorphisms

C57BL/6 allele NZB allele Predicted change in binding of a transcription factor(s) to NZB
allele

−696 T G A new site for NF-GMB
−600 A G A new site for TCF-1α
−511 G A A new site for GATA-1
−487 G A A new site for glucocorticoid receptor (GR)
−414 T C A site for CP2 is lost
−394 C T A new TATA-binding site
−311 - Insertion of TTT A new site for Krupple-like factor
−231 T G A new site for KLF6 and AP-1
−164 C T A site for Sry-β lost
−139 T G A new site for GATA-1 and GR
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