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Summary
Age-associated changes in immune response increase the risk of infection and promote
inflammation and auto-immunity in older adults. The newly discovered cytokine IL-23 contributes
to the maintenance and expansion of Th-17 cells, which promote proinflammatory responses. Our
preliminary findings suggested that Th-17 responses are increased in aged mice. IL-23 consists of
p40 and p19 subunits. Expression of the p19 subunit is regulated at the transcriptional level by
NF-κB p65 and c-Rel transcription factors. Using bone-marrow-derived dendritic cells (DCs)
from C57BL/6 mice, we show that IL-23 protein production and p19 subunit mRNA levels are
significantly increased in DCs from aged mice after activation with TLR ligands (LPS + R848)
when compared with DCs of young adult mice. We found that the increase in p19 expression in
aged cells is associated with chromatin remodeling characterized by di- and tri-methylation of
histone H3K4 and binding of mainly c-Rel at the p19 promoter. In young DCs, the promoter is tri-
methylated only at H3K4 and bound by both p65 and c-Rel. C-Rel knockdown restores p65
binding in aged cells but does not activate p19 expression, suggesting that c-Rel is critical for p19
expression. In addition, p65 knockdown significantly increases c-Rel binding and p19 expression
in young DCs to levels close to those detected in old cells. Furthermore, the decrease in p65
binding at the p19 promoter in old DCs was specific to the p19 gene since p65 binding to the
IL-12p40 promoter was not significantly different between old and young DCs. Our results
demonstrate that selective changes in H3K4 methylation, and c-Rel and p65 binding at the p19
promoter occur in DCs and contribute to the upregulation of the p19 subunit expression and IL-23
protein production observed in aged mice. This suggests epigenetic and transcriptional
mechanisms contribute to dysregulated inflammatory and autoimmune responses associated with
aging.
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Introduction
Aging is associated with immunosenescence, characterized by increases in inflammatory
and autoimmune responses and declines in protective immunity (Trebilcock & Ponnappan,
1996; Gangemi et al., 2003; Wikby et al., 2005; Dinarello, 2006; Yung & Julius, 2008).
Previous studies have reported decline in cell-mediated immunity, including T and B cell
function, in aging humans with increased frequency of autoantibody production and organ-
specific autoimmune diseases, such as Hashimoto’s thyroiditis and rheumatoid arthritis
(Boren & Gershwin, 2004; Yung & Julius, 2008). In addition, some studies have reported
impaired function of innate immune cells in elderly humans and in genetically deficient
mice (Liu et al., 2007; Van & Shaw, 2007). These studies suggest that abnormalities in the
aging immune system are because of various deficiencies in T cell-dependent adaptive
responses and concomitant increases in the production of proinflammatory cytokines. The
loss of protective immunity is accompanied by chronic inflammation in aging because of
changes in the expression of inflammatory mediators (Yung & Julius, 2008). For example,
the levels of circulating inflammation-associated cytokines, such as IL-6, TNFα, sIL-2
receptor (Gangemi et al., 2003; Wikby et al., 2005; Dinarello, 2006; Yung & Julius, 2008)
and chemokines, such as IL-8, MCP-1, MIP-1α, and RANTES (Swift et al., 2001; Chen et
al., 2003) are higher in aged than in young humans. Of note, are recent studies showing that
age-related changes in cytokine and immune responses depend largely on the T helper
(Th)17 inflammatory subset of CD4 T cells, which has recently been implicated in
mediating host defense against infection and promoting autoimmunity and inflammation by
producing IL-17 and other cytokines (Bettelli et al., 2008; Dong, 2008; Huang et al., 2008).
It has become increasingly evident that Th-17 immunity plays a significant role in host
defense and autoimmune responses, and older adult T cells appears to be predisposed to a
Th-17 response (Huang et al., 2008).

IL-23 is a member of the IL-12 cytokine family, which includes IL-12, IL-23, IL-35, and
IL-27. IL-23 consists of two subunits: IL-12p40 subunit (which is shared with IL-12) and
IL-23p19 subunit (which shares sequence homology with IL-12p35 subunit but is distinct
and leads to unique biologic effects). Like IL-12, IL-23 is predominantly produced by
macrophages and dendritic cells (DCs) activated by bacterial products, such as Gram-
negative bacterial lipopolysaccharides (LPS), Sendai virus, and proinflammatory cytokines,
such as TNFα and IL-1β (Fiorentino et al., 1991; Hunter, 2005; Dong, 2008). Recently, the
role of IL-23 in inflammatory responses has been demonstrated in animal models (Cua et al.,
2003; Murphy et al., 2003). IL-23 selectively promotes IL-17 cytokine production by
maintaining and expanding Th17 cell expansion/maintenance (Cua et al., 2003) and
promoting the production of other proinflammatory mediators, including IL-8, IL-6, MCP-1,
and G-CSF (Libermann & Baltimore, 1990; Dong, 2008). Synthesis of biologically active
IL-23 heterodimer requires the expression of both p40 and p19 subunits (Dong, 2008). Mice
lacking expression of the IL-23p19 subunit are protected against experimentally induced
arthritis (Kontgen et al., 1995; Cua et al., 2003; Murphy et al., 2003). This protection is
associated with defects in IL-17 production (Langrish et al., 2005). In addition, mice
overexpressing the p19 subunit gene suffer systemic inflammation (Gerondakis et al., 1996).
Recent studies have demonstrated that the p19 subunit gene is mainly regulated at the
transcriptional level by NF-κB transcription factors p65 and c-Rel that bind to p19 promoter
and are necessary for TLR-induced activation of the p19 subunit expression in murine
macrophages and DCs (Carmody et al., 2007; Mise-Omata et al., 2007).
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Chromatin constitutes a platform for the assembly of transcription factors and cofactors, and
can be broadly divided into heterochromatin, which is closed and transcriptionally silent,
and euchromatin, which is open and transcriptionally active (Grunstein et al., 1995; Sedivy
et al., 2008). Post-translational modifications on histones (the basic building units of
chromatin) affects chromatin configuration and transcription factor binding. Methylation of
histone (H)3 at lysine 4 (H3K4) has been linked to gene activation whereas methylation at
lysine 9 (H3K9) and lysine 27 (H3K27) are associated with gene repression (Sims et al.,
2003; Kouzarides, 2007). Distinct methylation states are associated with different
transcriptional outcomes. H3K4 can be mono-, di-, and tri-methylated (Strahl et al., 1999).
Both di-methylated H3K4 (H3K4me2) and tri-methylated H3K4 (H3K4me3) are detected
on active genes (Noma et al., 2001; Bernstein et al., 2002). In particular, tri-methylation is
preferentially associated with promoters of active genes (Schneider et al., 2004). In addition,
mammalian aging is associated with remodeling of chromatin structure (Sedivy et al., 2008).
In particular, there is an overall decrease in heterochromatic structures, and many senescent
cells show dramatic changes in chromatin structure.

Chromatin remodeling because of histone modifications greatly affect the binding and
activity of chromatin-associated cofactors and transcription factors, including NF-κB, to
their cognate DNAs thereby controlling gene expression (Sheppard et al., 1999; Cheung et
al., 2000b; Chen et al., 2002; Kiernan et al., 2003). The NF-κB/Rel family of transcription
factors plays a crucial role in immune and inflammatory responses by activating a wide
variety of genes involved in host defense (Baeuerle & Henkel, 1994; Verma et al., 1995;
Baldwin, 1996). Five NF-κB family members have been identified in mammals. These
include p65, p50, p52, c-Rel, and RelB (Baldwin, 1996). These proteins share a common
sequence known as Rel homology domain and exist as homo- and heterodimer complexes
that are maintained in an inactive form in the cytoplasm through association with inhibitory
IκB proteins (Verma et al., 1995; Ghosh et al., 1998). Cellular activation by various signals
leads to the phosphorylation and degradation of IκB, resulting in nuclear translocation of
NF-κB complexes where they bind to NF-κB binding sites present in the promoters and
enhancers of many genes, including inflammatory cytokine genes, such as IL-2, IL-12, IL-6,
IL-1β, TNFα, and IL-23 (Bull et al., 1989; Collart et al., 1990; Libermann & Baltimore,
1990; Hiscott et al., 1993; Verma et al., 1995; Carmody et al., 2007).

Our preliminary studies suggested that IL-23 expression might be dysregulated during
aging, because of the increased expression of Th-17 immunity in aged mice (High et al.,
2007). In this study, we investigated transcriptional regulation of the IL23p19 subunit gene,
which is critical for IL-23 protein production, in murine (C57BL/6) bone marrow-derived
DCs. Our results show increased production of IL-23 in TLR-activated DCs derived from
aged mice compared with young mice. We also show that changes in chromatin
configuration affect the NF-κB transcription factor p65 and c-Rel binding to p19 proximal
promoter. The promoter is di- and tri-methylated at H3K4 and bound almost exclusively by
c-Rel in aged DCs. In young cells, however, the promoter is only tri-methylated and bound
by both p65 and c-Rel proteins. Our studies demonstrate that differential epigenetic changes
and transcriptional factor binding underlie the increase in p19 expression and IL-23
production that is associated with aging, and suggest that epigenetic and transcriptional
mechanisms in DCs likely play a role in the dysregulated inflammatory and autoimmune
responses in the aged.
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Results
IL-23 protein production and p19 gene subunit expression are significantly increased in
aged DCs

As mentioned earlier, IL-23 maintains and expands Th17 cells that promote inflammatory
and autoimmune responses through increased production of IL-17. Our preliminary studies
(High et al., 2007) suggested that IL-17 production is elevated in aged mice and IL-23
production enhanced from aged murine BM-derived DCs after TLR stimulation (R. Myer &
K. High, unpublished data). We reasoned that IL-23 expression may be dysregulated during
aging. We first measured IL-23 secretion by activated DCs. Bone marrow-derived DCs from
young and aged C57BL/6 mice were stimulated for 4, 6, and 9 h with LPS (TLR4 agonist)
plus R848 (TLR7 and 8 agonist). It should be noted that our preliminary experiments
indicated that the p19 expression was significantly higher upon combined stimulation with
LPS plus R848 compared with either ligand alone. Therefore, we aimed to investigate the
p19 transcription under these strong inducing conditions to clearly identify any age-related
changes. We observed a marked increase in IL-23 secretion by DCs from both young and
aged mice, starting as early as 2 h poststimulation (Fig. 1B). However, DCs from aged mice
produced significantly more IL-23 as compared with young mice. Because p19 subunit
expression is critical for forming biologically active IL-23 protein, we next determined p19
subunit gene expression by real-time PCR. mRNA level in unstimulated cells was assigned a
value of 1 and all other values were calculated relative to 1. As shown in Fig. 1B, p19
mRNA expression was induced in both young and aged cells as early as 2 h poststimulation
and remained elevated thereafter. In addition, mRNA level in aged DCs was significantly
higher than that seen in young cells. These data suggest that p19 subunit expression and
IL-23 protein production are dysregulated during aging.

Selective changes in p19 promoter binding by p65 and c-Rel transcription factor during
aging

The p19 subunit gene expression is regulated at the transcriptional level by the NF-κB p65
and c-Rel proteins that bind to and activate the promoter in murine macrophages and DCs
upon dual agonist TLR stimulation. The promoter contains two NF-κB/Rel binding sites at
−95 and −935 bp (Carmody et al., 2007) and the most proximal site (at −95 bp) is
indispensible for the TLR-mediated activation of p19 promoter (Mise-Omata et al., 2007).
To investigate whether the increase in p19 mRNA seen in aged DCs is because of changes
in the transcription factor binding and/or activity, we analyzed the 300-bp promoter
sequences flanking the transcription start site and containing the proximal NF-κB site at −95
bp (see Fig. 1A) for p50, p65, and c-Rel binding after the stimulation of DCs for 4 h.
Semiquantitative PCR on ChIP DNA (Fig. 2A,B) showed low levels of p50, but not p65 or
c-Rel, bound to the promoter in unstimulated cells. After stimulation with LPS plus R848,
the levels of p50 protein (which forms active heterodimers with p65 and c-Rel) binding to
the promoter was markedly increased to almost similar levels in both young and aged DCs.
We also detected marked increases in p65 and c-Rel binding in young DCs. In aged cells,
however, we observed a marked decrease in p65 binding concomitant to an increase in c-Rel
binding compared with younger DCs. Quantitative real-time PCR confirmed there was a
significant decrease in p65 and increase in c-Rel binding, respectively, in aged cells (Fig.
2C). To determine whether the differential changes in p65 and c-Rel binding were because
of increase or decrease in their protein level, we performed western blot analysis using
nuclear extract from DCs stimulated for 4 h. As shown in Fig. 2D, p65 and c-Rel protein
levels were markedly increased in the nuclei of both young and aged cells after stimulation.
Densitometric analysis of the protein bands revealed no significant difference in the nuclear
levels of p65 or c-Rel in aged DCs compared with young DCs (Fig. S1). These results
demonstrate significant differential changes in p65 and c-Rel transcription factor binding to
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the p19 promoter during aging in mice despite a normal nuclear translocation of both
proteins.

To test whether the change in p65 binding was specific to the p19 promoter, we measured its
binding to the IL-12p40 subunit gene, whose expression is also regulated by p65 and c-Rel
(Sanjabi et al., 2000; Wen et al., 2008). Figure 3 shows that p65 binds to the IL-12p40
promoter at almost equal levels in young and old DCs after TLR stimulation, as determined
by standard (B) and real-time (C) PCR.

Histone H3K4 is differentially methylated at the p19 promoter during aging
To investigate whether the changes in the p19 promoter binding by p65 and c-Rel are
because of changes in chromatin structure, we measured H3K4me2 and H3K4me3, which
have been associated with chromatin remodeling and activation of gene transcription
(Wysocka et al., 2005), using PCR with ChIP DNA. As shown in Fig. 4A,B, there was
background binding before stimulation of both H3K4me2 and H3K4me3 in young and aged
DCs. This background was also seen with DNA immunoprecipitated with IgG control
antibody. After stimulation, we observed a robust increase in H3K4me2 in aged cells only.
In addition, we detected a very significant increase in the H3K4me3 level both in young and
aged cells. However, the difference in the level of H3K4me3 was not statistically different
by age. Real-time PCR analysis confirmed similar methylation patterns (Fig. 4C). These
results demonstrate the differential induction of H3K4 methylation at the p19 promoter
nucleosome during its activation in DCs and further suggest that aging is associated with
changes in H3K4 methylation pattern.

c-Rel, but not p65, is critical for the upregulation of p19 expression in aged DCs
The results presented in Fig. 2 show a significant increase in c-Rel binding to the p19
promoter in aged DCs. To determine the relative contribution of c-Rel binding to the
upregulation of p19 expression in aged DCs, we analyzed c-Rel binding and p19 mRNA
levels after c-Rel knockdown. Cells were transfected with a pool of c-Rel-specific siRNA
for 24 h and then stimulated for 4 h with LPS plus R848. As shown in Fig. 5A, siRNA
transfection resulted in dramatic decrease of c-Rel protein expression in aged DCs. Next, we
measured the p19 mRNA levels in young and aged DCs after c-Rel knockdown. We
observed a nearly complete loss of the p19 mRNA in both young and aged cells (Fig. 5B).
These results indicated that c-Rel was critical for the activation of p19 transcription. In
addition, standard PCR showed a complete loss of c-Rel binding to the promoter after c-Rel
knockdown (Fig. 5C,D). While there were no obvious changes in p65 binding in young
DCs, we observed a significant increase in p65 binding in aged cells (compare Fig. 5C with
Fig. 2A). Real-time PCR showed similar results (Fig. 5E). These results demonstrate that c-
Rel is critical for the induction of p19 transcription in young and aged DCs and that the
increase in p65 binding seen in aged cells (after c-Rel knockdown) does not compensate for
c-Rel in activating p19 mRNA transcription.

Loss of p65 expression increases c-Rel binding and upregulates p19 expression in young
DCs

To determine whether the increase in p65 binding in young DCs (Fig. 2) interferes with the
transcription activation by c-Rel, we measured p65 and c-Rel binding and p19 mRNA levels
after p65 knockdown. Results (Fig. 6) show a concurrent increase in c-Rel binding at the
p19 promoter in young cells (Fig. 6C). The amount of p65 binding reached levels similar to
those detected in old cells without p65 knockdown (compare Figs 6C and 2A). Meantime,
we detected a significant increase in the p19 mRNA levels after p65 knockdown (Fig. 6B).
Moreover, we detected similar levels of c-Rel and p65 binding by real-time PCR (Fig. 6E).
In addition, western blotting showed a marked decrease in p65 protein expression after p65
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siRNA transfection (Fig. 6A). These results suggest that p65, although dispensible for p19
induction in both young and old DCs (Fig. 5), can compete for binding by c-Rel and
subsequent p19 upregulation in young DCs.

Discussion
Our results demonstrated that selective epigenetic changes in chromatin configuration and
transcription factor binding in DCs play a role in the dramatic upregulation of the IL-23p19
subunit gene expression and IL-23 protein production associated with aging. The p19
subunit gene promoter is di- and tri-methylated on H3K4 and binds NF-κB c-Rel
transcription factor at significantly higher levels in aged DCs after activation with LPS plus
R848. By contrast, activated DCs from young mice show increase in the level of H3K4me3
only and binding of NF-κB p65 and c-Rel transcription factors at the p19 promoter,
suggesting that age-associated changes in chromatin structure and transcription factor
assembly represent interdependent mechanisms that contribute to dysregulated expression of
the p19 subunit and IL-23 production during aging.

Recent studies have shown that various inflammatory genes, such as IL-4, IL-5, IL-12,
TNFα, and MCP-1 (Weinmann et al., 1999; Fields et al., 2002; Barthel & Goldfeld, 2003;
Boekhoudt et al., 2003; Goriely et al., 2003, 2003; Wen et al., 2008) undergo epigenetic
changes characterized by histone modifications affecting chromatin structure and
transcription factor binding (Lee et al., 2006). In addition, studies investigating IL-12 (which
shares the p40 subunit with IL-23) transcription have reported that chromatin remodeling
played a role in the induction of IL-12 p40 and p35 subunit expression in LPS-activated
macrophages (Weinmann et al., 1999; Goriely et al., 2003) and that p300-mediated histone
acetylation reinforced c-Rel-mediated transcriptional activation of p40 subunit (Sun et al.,
2004). Our results showed a significant increase and differential changes in H3K4me2 and
H3K4me3 after activation of DCs. While we detected H3K4me3 at the p19 promoter in both
young and aged DCs, H3K4me2 was exclusively detected in activated DCs from aged mice.

Chromatin remodeling because of histone modifications greatly affect the binding and
activity of chromatin-associated cofactors and transcription factors, including NF-κB, to
their cognate DNAs thereby controlling gene expression (Sheppard et al., 1999; Cheung et
al., 2000b; Chen et al., 2002; Kiernan et al., 2003). Both H3K4me2 and H3K4me3 can be
detected in the promoter of many genes (Bernstein et al., 2002). H3K4me2 is detected in
active euchromatic regions but not in silent heterochromatic sites (Noma et al., 2001). In
addition, it has been demonstrated that, at least in yeast, H3K4me2 occurs at both active and
inactive genes, whereas H3K4me3 is present exclusively at active genes (Santos-Rosa et al.,
2002). Interestingly, we found that p19 gene mRNA was induced in activated DCs from
both young and old mice, but was dramatically higher in aged mice. However, in contrast to
young DCs, we detected H3K4me2 in aged DCs only. It has recently been proposed in yeast
that when genes are active, H3K4me3 invariably appears and H3K4me2 often persists
(Santos-Rosa et al., 2002). A recent study has reported that the chronic regulation of IL-12
gene expression in postseptic mice is associated with an epigenetic mechanism of gene
regulation by the presence of H3K4me3 at the IL-12 p35 and p40 subunit promoters, leading
to transcription activation (Wen et al., 2008). The role of di-methylated H3K4 may be to
determine a transcriptionally permissive state, whereas the tri-methylated state may allow
for an active chromatin conformation (Santos-Rosa et al., 2002). This supports the concept
of methylation state as a major determinant of the level of gene activity. Thus, the presence
of H3K4me2 at the p19 promoter in aged, but not young, DCs may be to ensure persistently
active transcription of the p19 subunit.
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The mechanism by which H3K4 methylation mediates transcription activation is presently
unknown. Two possible models are that; methylated H3K4 marks a gene for the recruitment
of complexes involved in transcription activation and/or displaces factors involved in
transcription repression, such as histone de-acetylases (Nishioka et al., 2002; Sims et al.,
2003; Wysocka et al., 2005; Li et al., 2007). In this regard, it has been shown that histone
H3 acetylation activates the IL-17 promoter in T cells (Akimzhanov et al., 2007) and
reinforces the c-Rel-mediated activation of the IL-12 p40 subunit gene (Sun et al., 2004). In
addition, a molecular effector that specifically recognizes methylated H3K4 has been
identified in human cells (Wysocka et al., 2005). WDR5 binds to H3K4me2 and H3K4me3
and forms large protein complexes that include histone acetyltransferase and
methyltransferase activities, which in turn can generate di- and tri-methylated H3K4
(Wysocka et al., 2005). Recently, Wysocka et al., (2005) have demonstrated that WDR5
knockdown in mammalian cells leads to decreases in tri-methylation but not di-methylation
and that WDR5, although not required for the association of methyltransferase complexes
with chromatin or for H3K4me2 formation, is essential for conversion of H3K4me2 to
H3K4me3 by the H3K4 methyltransferase complex. Based on these findings, those authors
proposed a model where WDR5 binds to H3K4me2, which can be further tri-methylated by
WDR5-containing methyltransferase complexes, such as Set1 and MLL1. Thus, the
presence of H3K4me2 at the p19 promoter in aged DCs could provide an unlimited substrate
for forming H3K4me3 by WDR5, resulting in a persistently high level of trimethylated
H3K4 and the p19 transcription upregulation seen in aged DCs. Epigenetic-mediated
changes in chromatin structure may enhance accessibility to binding sites in promoter
sequences and increase recruitment of general transcription co-factors, leading to
transcription induction (Cheung et al., 2000a; Saccani et al., 2002). Recent reports suggest
that mammalian aging is associated with epigenetic remodeling of chromatin structures. For
example, there is an age-associated changes in the redistribution of histone modifying
enzymes and chromatin binding proteins as well as decline in total genomic DNA
methylation, i.e. an overall decrease in heterochromatin formation [reviewed in (Sedivy et
al., 2008)].

Our current results do not explain the increase in H3K4me2 in aged DCs. Since H3K4 was
increased after cell activation, it is likely that protein co-factors may interact with c-Rel to
mediate this effect. The chromain remodeling protein Chd1 associates with histone
acetyltransferase activity and preferentially acetylates histone H3 (Pray-Grant et al., 2005).
It is possible that c-Rel may interact with Chd1 to mediate histone acetylation. Interstingly, a
recent study has shown that inhibition of histone acetylation abrogated p65 binding to and
transcriptional activation of IL-12p40 promoter (Bode et al., 2007), which is largely
regulated in a manner similar to the p19 gene. Thus, in aged DCs, c-Rel may interact with a
chromatin effector that induces histone acetylation which in turn attenuates p65 binding at
the p19 promoter while maintaining H3K4me2 as an unlimited source for H3K4me3. This
may suggest interdependency of transcription factor binding and histone modification in
regulation p19 in aged DCs. In addition, c-Rel has been shown to synergize with the histone
acetyltransferase p300 to enhance IL-12p40 transcription (Goriely et al., 2003). In addition,
a recent study has shown that while c-Rel is required for IL-12p40 efficient transcription, it
is not required for chromatin remodeling across the promoter (Weinmann et al., 2001). By
contrast, Rao et al. (2003) reported that c-Rel was essential for global changes in chromatin
structure across the IL-12 promoter but the underlying mechanism has not been identified.

Another interesting finding by this study is the selective binding of p19 promoter by p65 and
c-Rel. Both proteins play a role in the activation of p19 expression in macrophages and DCs
(Carmody et al., 2007; Mise-Omata et al., 2007), with c-Rel being indispensible for
transcriptional activation. Our data indicated that, in contrast to young DCs, there was a
marked decrease in p19 promoter binding by p65 in aged DCs concomitant to an increase in
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c-Rel binding and p19 transcriptional upregulation. The decrease in p65 binding was not
because of decrease in p65 protein expression in aged DCs, because densitometric analysis
of the western blots did not reveal any significant difference in the nuclear levels of p65
between young and aged DCs. In addition, the decrease in p65 binding in old DCs was
specific to the p19 subunit gene because we did not detect any significant differences in p65
binding level to the IL-12p40 subunit gene promoter in both young and old DCs.
Interestingly, IL-12 protein expression level was not significantly different in young
compared with old DCs (our unpublished observations) Furthermore, we did not detect
significant changes in the nuclear level of c-Rel protein in aged DCs compared with young.
Thus, a certain chromatin configuration or chromatin-associated factor could favor the
binding of c-Rel, thus precluding p65 binding.

Our finding that p65 knockdown by siRNA in young DCs increases p19 mRNA contradicts
those by Mise-Omata et al. (2007) and Utsugi et al. (2006). While both studies showed that
c-Rel was essential (as suggested by our study) for TLR-mediated induction of p19
expression, they reported a decrease in p19 mRNA levels in p65-deficient macrophages and
monocytederived DCs. Given that c-Rel is essential for the induction of p19, one would
expect that in the absence of p65, the p19 expression will be maintained or increased, or at
least would not change, because of binding of c-Rel. Our data (Fig. 6D) showed an increase
in c-Rel binding at the p19 promoter in young DCs after p65 knockdown. This is in line with
our conclusion that p65 may compete with c-Rel for promoter binding, and differences
between our data vs. those of Mise-Omata et al. (2007) or Utsugi et al. (2006) may be
because of cell type (macrophages or monocyte-derived DCs vs. bone marrow-derived
DCs), species (human vs. mouse) and/or differences in knockdown vs. knockout techniques.
Overall, however, our data suggest that in the absence of p65, the increase in c-Rel binding
activity may account for the increase in p19 expression in murine DCs. P65 may play a role
in transcription activation of p19 but may not be required if c-Rel is present. In support of
our argument that p65 may not be required for transcriptional activation, Carmody et al.
(2007) have recently shown that c-Rel−/− murine DCs fail to transcribe p19 (despite the
normal expression of p65) and concluded that other members of the NF-κB, including p65,
cannot compensate for the role of c-Rel. In addition, a recent study (Sanjabi et al., 2000) has
suggested that the minor reduction in IL-12p40 (which is regulated in the same manner as
p19) expression in p65-deficient macrophages may be because of apoptotic cell death and
that c-Rel is essential for IL-12p40 gene activation.

It is unclear how the increase in c-Rel expression and binding upregulate p19 expression in
aged DCs. A recent study has shown that c-Rel is essential for changes in chromatin
structure and transcription induction of the IL-2 promoter in T cells (Rao et al., 2003). In
addition, p50:c-Rel dimers are suggested to be stronger transcriptional activators than
p50:p65 dimers (Carmody et al., 2007; Mise-Omata et al., 2007). Thus, it is possible that the
increase in c-Rel binding at the p19 promoter in aged DCs provides an opportunity for
enhancing transcription activation. C-Rel may recruit transcriptional coactivators to the p19
promoter. Transcription factors may also recruit chromatin co-activators (Cheung et al.,
2000a; Fischle et al., 2003). Our c-Rel knockdown experiments showed that c-Rel is
essential for p19 gene expression in both young and aged DCs, as demonstrated by the
significant decrease in p19 mRNA. The data also showed that p65 was not critical for p19
activation in aged DCs, because c-Rel knockdown resulted in a significant increase in p65
binding to the p19 promoter, yet we could not detect p19 mRNA. Together, these results
suggest that c-Rel, while required for p19 transcription activation in young DCs, is
necessary for the upregulated expression in aged DCs and that this selective requirement
depends on the chromatin configuration imposed by the H3K4 methylation state. Our results
also suggest that p65, although dispensible for p19 induction in both young and old DCs,
may compete with c-Rel binding in young cells and, therefore, may be responsible for the
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lower expression levels of p19 in young DCs. We propose a model (Fig. 7) for transcription
activation of the p19 subunit gene in DCs. Upon activation with LPS plus R848, the p19
promoter is tri-methylated on H3K4 (me3) and binds p50:p65 and p50:c-Rel heterodimers in
young DCs. In aged cells, H3K4 is di- (me2) and tri-methylated (me3), which may result in
a chromatin configuration that precludes p65, leading to increases in p50:c-Rel binding and
transcription upregulation.

In conclusion, IL-23 is crucial for the development of inflammatory and autoimmune
diseases. It maintains and expands Th17 inflammatory cells and IL-17 production that may
be responsible, at least in part, for major age-related changes in inflammatory cytokines
(Bettelli et al., 2008; Dong, 2008; Huang et al., 2008), and is associated with inflammatory
diseases, including lupus erythmatosus, chronic intestinal inflammation, rheumatoid
arthritis, and asthma (Bettelli et al., 2008; Dong, 2008). Because deficiencies in IL-23p19
subunit gene expression result in a decrease in Th17 cell numbers and IL-17 cytokine
production, our results showing that upregulation of p19 expression and IL-23 production in
aged mice is associated with changes in NF-κB p65 and c-Rel transcription factor assembly
because of epigenetic changes in chromatin structure suggest that epigenetic targeting of the
c-Rel-p19 axis could provide an opportunity for controlling dysregulated cytokine and
inflammatory responses associated with aging.

Experimental procedures
Mice and culture of bone marrow cells

Young (3 months) and old (22 months) male C57BL/6 mice were purchased from Harlan
Sprague (Indianapolis, Indiana) and housed under pathogen-free conditions at the animal
research facility and treated in accordance with approved protocols of the Animal Care and
Use Committee of Wake Forest University School of Medicine. Bone marrow cells were
collected from femur bones and washed in RPMI-1640 supplemented with 10% FBS
(Hyclone, Logan, UT, USA). Red Blood Cells were lysed with ACK lysing buffer
(BioWhittaker, Walkersville, MD, USA) for 2 min. Cells were washed once with HBSS
with 3% FBS and once with RPMI-1640. Cells were suspended in RPMI-1640
supplemented with 10% FBS, 2 mM L-glutamine, 20 ng mL−1 gentamicin, and 20 ng mL−1

recombinant mGM-CSF (Invitrogen, Carlsbad, CA, USA), seeded at 0.5 × 106 cells mL−1 in
24-well plates and incubated at 37 °C under 5% CO2. On day 3 and day 5, two-thirds of the
media was replaced with fresh medium (containing mGM-CSF). On day 6, DCs were
harvested, washed with complete medium, and then stimulated with 100 ng mL−1 Gram-
negative bacterial LPS (Escherichia coli 0111:B4; Sigma, St. Louis, MO, USA) plus 3 μM
R848 (3 M, Saint Paul, MN, USA) (GL Synthesis, Worcester, MA, USA) for the indicated
times. Cells were harvested at 0, 2, 4, and 6 h, for mRNA assay. Supernatants were collected
at 0, 4, 6, and 9 h poststimulation, for IL-23 protein assay.

ELISA
IL-23 protein concentration in the culture supernatants was measured using an ELISA kit
according to the manufacturer’s instructions (eBioscience, San Diego, CA, USA).

Western blot analysis
Nuclear extracts were prepared from DCs by incubation in lysis buffer (10 mM Tris–HCl
(pH 7.5), 1.5 mM MgCl2, 10 mM KCl, 0.2 mM EDTA, 0.2 mM DTT, 0.5 mM PMSF, 0.1
mM NaV04, 0.1% Titon X-100, and protease inhibitor cocktail. Supernatants (cytoplasmic
fraction) were removed by centrifugation at 3400 g for 10 min at 4 °C. The nuclear pellets
were resuspended in lysis buffer containing 20 mM Tris–HCl (pH 7.5), 1.5 mM MgCl2, 420
mM NaCl, 0.2 mM EDTA, 0.2 mM DTT, 0.5 mM PMSF, 5% glycerol, 1% NP-40, 0.1%
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SDS, and protease inhibitor cocktail. After incubation on ice for 30 min, lysates were
centrifuged at 11000 g for 15 min at 4 °C. The supernatants were aliqoted and kept at −70
°C, after measuring the total protein content. Equal amounts of proteins (30 μg) were
resolved on SDS–PAGE and electroblotted onto polyvinylidene fluoride (PVDF)
membranes. The blots were blocked and probed overnight at 4 °C with primary antibodies
against c-Rel or p65. Membranes were washed and incubated with appropriate HRP-
conjugated secondary antibodies. Proteins were detected using enhanced chemiluminescence
(ECL) reagent (Pierce Biotechnology, Rockford, IL, USA). Membranes were stripped and
re-probed with nucleoporin antibody (Pendergrass et al., 2006).

Chromatin immunoprecipitation (ChIP)
Chromatin immunoprecipitation assays were performed according to the protocol provided
by the manufacturer (Active Motif, Carlsbad, CA, USA), with some modifications. Cells
grown to 80% confluence were harvested and washed twice with cold PBS. Cells were
treated with formaldehyde at a final concentration of 1% for 10 min at room temperature, to
cross-link protein- DNA complexes. Cells were then incubated with glycine for 5 min at
room temperature and washed with PBS. Cells (5 × 106) were lysed in 1% SDS for 30 min
at 4 °C and centrifuged. The chromatin (supernatant) was sheared by sonication three times
for 15 s each at 40% power in an ice bath (Branson, Model 250). These shearing conditions
generate DNA fragments in the range of 200–500 bp. Ten microliters of the cleared
chromatin were reserved as ‘input’ DNA sample. Chromatin was then immunoprecipitated
overnight at 4 °C with antibodies specific to p50, p65, c-Rel, H3K4me2, H3K4me3, or IgG
Ab. Immunoprecipitates were washed sequentially and then eluted from the beads. Protein-
DNA complexes cross-links, along with the ‘input’ sample were reversed at 95 °C for 3 h,
and then treated with proteinase K for 1 h at 37 °C. The resulting DNA was kept at −20 °C
until analyzed by PCR.

PCR
Semiquantitative PCR was performed to measure the relative abundance of the p19
promoter fragments in the immunoprecipitated (ChIP) DNA. PCR reaction contained 1 μM
of each primer, 2 mM MgCl2, 0.2 μM dNTPs, 5 μl of the ChIP DNA and 0.04 U μL−1

AmpliTag Gold DNA polymerase (Applied Biosystems, Foster City, CA, USA). The PCR
conditions were as follows: 1 cycle at 94 °C for 5 min, 30 cycles at 94 °C, 58 °C, and 72 °C
for 30 s each, and a final cycle at 72 °C for 5 min. Our preliminary experiment indicated that
the PCR amplification was in the linear range at 30 cycle, while sequences were poorly
enriched at 25 cycles and highly enriched at 35 cycles. Therefore, 30 cycles were chosen for
our analysis. Equal amounts of PCR products were run on 1.5% ethidium bromide-stained
agarose gel. The images were captured and the band intensities were quantitated using
Quantity One Imager (Bio-Rad, Hercules, CA, USA). Sample data were normalized to input
DNA and are presented as percentage of input. The primers used in PCR were designed to
amplify a sequence in the murine IL-23p19 promoter containing the NF-κB site at −95 bp
relative to the transcription start site (Carmody et al., 2007) and were as follows: p19F (5′-
CACTCATTTCCCCTGGAACT- 3′) and p19R (5′-GAGTCTAACTCTAGTCCG- 3′). The
primers used for amplifying the IL-12p40 promoter sequences (−150 to +3) were: p40F (5′-
GGGGGAGGGAGGAACTTCTT- 3′) and p40R (5′-TCTGCTGCCTTGGCTGCTCCT-
3′) (Wen et al., 2008).

Real-time PCR
Real-time PCR was performed to measure IL-23p19 mRNA expression and to quantify the
IL23p19 DNA sequences in the immunoprecipitated (ChIP) DNA.
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For ChIP DNA, the following oligonucleotides were used: forward primer (5′-
CACTCATTTCCCCTGGAACT-3′), reverse primer (5′-GAGTCTAACTCTAGTCCG-3′),
and internal fluorescence probe (5′-FAM-GAAGCGGCATACCTGGGCTC-3′) (Applied
Biosystems) The PCR reaction (25 μL) contained 5 μL ChIP DNA, 12.5 μL of 2 × TaqMan
Universal Master Mix containing DNA polymerase and dNTPs, 300 nM of each primer, and
100 nM internal probe. Reactions were run in triplicates at 50 °C for 2 min, 95 °C for 10
min followed by 30 cycles at 95 °C for 15 s and 60 °C for 1 min (combined annealing and
extension), using ABI Prism 7000 Sequence Detection System (Applied Biosystems).
Sample data were normalized to the input DNA and calculated as percentage of input.

For mRNA expression, total RNA was isolated using STAT-60 extraction kit, according to
the manufacturer’s protocol (Tel- Test, Friendswood, TX, USA). Two micrograms RNA
were reverse-transcribed to cDNA in a 25-μL volume containing 0.2 μM dNTPs, 2.5 μM
oligo d(T), 5 mM MgCl2, and 0.25 U μL−1 of murine leukemia reverse transcriptase
(Applied Biosystems). The RT reaction was incubated for 1 h at 42 °C and 5 min at 99 °C.
The PCR was performed using 5 μL cDNA and IL-23p19 and GAPDH predesigned
TaqMan primer/probe sets (Applied Biosystems). The PCR conditions were as described
above. Sample data were normalized to GAPDH mRNA values and are presented as fold
change relative to mRNA from unstimulated cells (set as 1-fold).

siRNA transfection
Cells were transfected with nonspecific, c-Rel-specific, or p65-specific small interfering
RNAs (siRNA) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) using siRNA
transfection kit according to the manufacturer’s instructions (AMAXA, Gaithersburg, MD,
USA). After 24 h, cells were washed with medium and stimulated for 4 h with 100 ng mL−1

LPS plus 3 μM R848.

Statistical analysis
Data are presented as the mean ± SEM and are representative of three or more experiments.
Significant differences between groups were determined by Student’s t-test. P-values ≤ 0.05
were considered statistically significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(A) Diagram of the 5′ proximal promoter region of the murine IL-23p19 gene. The NF-κB
binding site at −95 bp relative to the transcription start site is shown. (B) IL-23p19 mRNA
and IL-23 protein are significantly upregulated in aged DCs. Bone marrow-drived DCs were
left unstimulated or stimulated with 100 ng mL−1 LPS plus 3 μM R848 for the indicated
times. Total RNA was isolated and analyzed for IL-23p19 subunit gene expression by real-
time PCR. Culture supernatants were collected and assayed by ELISA for IL-23 protein
production. Data are the mean ± SEM of three experiments. Values from unstimulated cells
(0 h) were assigned the value 1 and all other values were calculated relative to 1.
*Statistically (P ≤ 0.05) significant (young vs. old).

Mezayen et al. Page 16

Aging Cell. Author manuscript; available in PMC 2013 June 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
c-Rel and p65 binding to the IL-23p19 promoter in bone marrow-derived DCs from young
and old mice. (A) DCs were left unstimulated or stimulated for 4 h with 100 ng mL−1 LPS
plus 3 μM R848. DNA-protein complexes were cross-linked with 1% formaldehyde. Cross-
linked chromatin was isolated and immunoprecipitated with c-Rel, p50, or p65 Ab. One
tenth of each chromatin sample was reserved before immunoprecipitation and used as an
internal control (input). The rest of the sample was used for the immunoprecipitation. DNA
was recovered from the immunoprecipitation and input (10× dilution) samples and then
analyzed for the presence of IL-23p19 promoter sequences by PCR. Data from four mice in
each group are shown. (B) Densitometric analysis of the bands shown in (A). Band
intensities were analyzed using Quantity One Imager. IgG control values were subtracted
and the sample values were normalized to input DNA and are presented as percentage of
input (diluted 10×). Data are the mean ± SEM and are representative of three experiments.
*Statistically (P ≤ 0.05) significant (young vs. old). (C) Real-time PCR analysis of p50, p65,
and c-Rel binding. Data represent the mean ± SEM of three experiments. (D) c-Rel and p65
protein expression in the nucleus of DCs. Cells were left unstimulated or stimulated for 4 h
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and nuclear proteins were extracted and analyzed for the expression of c-Rel and p65 by
western blotting. Membranes were first probed with c-Rel Ab, stripped and re-probed with
p65 and then nucleoporin Ab. Results from two mice in each group are shown.
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Fig. 3.
p65 binding to the IL-12p40 promoter. (A) Chromatin was isolated and immunoprecipitated
with p65 Ab and then analyzed by PCR for the enrichment of IL-12p40 promoter sequences
in the immunoprecipitated DNA. (B) Band intensities were analyzed as described in Fig. 2.
Data are the mean ± SEM and are representative of three experiments. (C) Real-time PCR
analysis. Data represent the mean ± SEM of three experiments.
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Fig. 4.
IL-23p19 promoter is bound by di- and tri-methylated H3K4 in aged DCs. Cells were
stimulated and treated as described in Fig. 2. Chromatin was isolated and
immunoprecipitated with H3K4me2 or H3K4me3 antibody. (A) DNA was recovered from
the immunoprecipitated and input samples and then analyzed for the presence of IL-23p19
promoter sequences by PCR. Data from four mice each group are shown. (B) Band
intensities were analyzed as described in Fig. 2. Data are the mean ± SEM and are
representative of three experiments. *Statistically (P ≤ 0.05) significant (young vs. old). (C)
Real-time PCR analysis. Data represent the mean ± SEM of three experiments.
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Fig. 5.
c-Rel knockdown decreases IL-23p19 expression in aged DCs. Cells were transfected with
nonspecific or c-Rel-specific siRNA. After 24 h, cells were washed and stimulated for 4 h
with 100 ng mL−1 LPS plus 3 μM R848. (A) Western blot analysis of c-Rel expression in
stimulated cells after c-Rel knockdown. Results from two old mice are shown. (B) c-Rel
knockdown significantly decreases IL-23p19 mRNA level. RNA was isolated and analyzed
by real-time PCR. Data are the mean ± SEM from four mice and represent the average of
three experiments. KD, knockdown; *P ≤ 0.05 (control KD vs. c-Rel KD). (C) p65 binds
IL-23p19 promoter in aged DCs in the absence of c-Rel. Cells were transfected and treated
as described above. Chromatin was isolated and immunoprecipitated with c-Rel or p65 Ab
and then analyzed by PCR. (D) Band intensities were analyzed as described in Fig. 2. Data
are the mean ± SEM and are representative of three experiments. *Statistically (P ≤ 0.05)
significant (control KD vs. c-Rel KD). **Statistically (P ≤ 0.05) significant (young vs. old).
(E) Real-time PCR analysis. Data represent the mean ± SEM of three experiments.
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Fig. 6.
p65 knockdown increases c-Rel binding and p19 expression in young DCs but has no effects
in old DCs. Cells were transfected with nonspecific or p65-specific siRNA. After 24 h, cells
were washed and stimulated for 4 h with 100 ng mL−1 LPS plus 3 μM R848. (A) Western
blot analysis of p65 expression in stimulated cells after p65 knockdown. Results from two
old mice are shown. (B) p65 knockdown significantly increases p19 mRNA level in young
DCs. RNA was isolated and analyzed by real-time PCR. Data are the mean ± SEM from
four mice and represent the average of three experiments. KD, knockdown; *P ≤ 0.05
(control KD vs. p65 KD). The left panel shows western blotting of p65 protein in stimulated
cells after p65 knockdown. Results from two mice are shown. (C) p65 binding to the p19
promoter is increased in young DCs after p65 KD. Cells were transfected and treated as
described above. Chromatin was isolated and immunoprecipitated with c-Rel or p65 Ab and
then analyzed by PCR. (D) Band intensities were analyzed as described in Fig. 2 and are the
mean ± SEM and represent three independent experiments *Statistically (P ≤ 0.05)
significant (control KD vs. p65 KD). (E) Real-time PCR analysis. Data represent the mean ±
SEM of three experiments.
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Fig. 7.
A model depicting age-associated differences in transcription factor binding and chromatin
structure during p19 subunit gene activation in murine DCs. Upon activation with LPS plus
R848, the p19 promoter is tri-methylated on H3K4 and bind p50:p65 and p50:c-Rel
heterodimers in young DCs. In aged DCs, H3K4 is di- (H3K4me2) and tri-methylated
(H3K4me3), which may result in a chromatin configuration that precludes p65, leading to
increases in p50:c-Rel binding and transcription upregulation.
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