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Abstract
Activation-induced cytidine deaminase (AID) plays a key role in B cell immunoglobulin (Ig) class
switch recombination (CSR) and somatic hypermutation (SHM). We have previously reported that
the highly conserved homeodomain HoxC4 transcription factor binds to the Aicda (AID gene)
promoter to induce AID expression. Here, we investigated the regulation of HoxC4 transcription
by a proliferation-inducing ligand (APRIL) and B cell-activating factor belonging to the TNF
family (BAFF) in mouse B cells. APRIL substantially increased both HoxC4 and AID expression,
whereas BAFF induced the expression of AID but not HoxC4. To elucidate the underlying
mechanisms, we constructed a HoxC4 gene promoter reporter vector and analyzed the promoter
induction after APRIL stimulation. APRIL enhanced the HoxC4 promoter activity by 2.3-fold, and
this increase disappeared when the second putative NF-κB-binding promoter element (NBE2) was
mutated. Based on ChIP assays, we found that NF-κB bound to the HoxC4 promoter NBE2
region. Furthermore, the overexpression of NF-κB augmented the APRIL-induced HoxC4
promoter activity, while the expression of dominant negative-IkBa suppressed it. Taken together,
our findings suggest that NF-κB mediates APRIL-induced HoxC4 transcription.
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Introduction
Immunoglobulin (Ig) class switch recombination (CSR) and somatic hypermutation (SHM)
are critical molecular mechanisms that endow antibody molecules with higher diversity and
broader biological effector functions. Both CSR and SHM require the enzyme activation-
induced cytidine deaminase (AID), which is highly expressed in activated germinal center
(GC) B cells during immune responses [1,2]. We have shown that AID transcription is
significantly increased by B cells stimulated with LPS, CD40 ligand (CD154), and IL-4
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[1,2]. In mouse and human B cells, CD154 and IL-4 induce AID expression through NF-κB
and Stat6, respectively. We have also shown that Stat6 and PKA/CREB are involved in
IL-4-induced AID expression [3]. Other transcription factors, such as E-protein (E47) [4],
Pax5 [5], IRF-8 [6], and Sp1/3 [7], are known to regulate the Aicda (AID gene) locus to
induce AID transcription [2,8–10]. HoxC4 binds to a highly conserved 5'-ATTTGAAT-3'
motif in the Aicda promoter and activates this promoter for AID expression leading to CSR
and SHM [11]. HoxC4 is expressed in GC B cells and HoxC4 expression is specifically
upregulated by the same stimuli that induce AID expression (LPS, CD154 and IL-4) [11–
13]. HoxC4 is further upregulated by estrogen-estrogen receptor complexes, which bind to
three highly conserved estrogen response elements (EREs) that we identified in the HoxC4
promoter [9]. Thus, estrogen upregulates AID expression through the induction of HoxC4,
which likely contributes to the high rates of antibody CSR and SHM in autoimmune
conditions with a high prevalence in females, such as systemic lupus erythematosus (SLE).

The TNF superfamily members 13 and 13b, a proliferation-inducing ligand (APRIL) and B
cell-activating factor belonging to the TNF family (BAFF), induce AID expression and Ig
CSR [14,15]. We have demonstrated that macrophage-derived BAFF stimulates mouse B
cells to express AID through the p38/MAPK/CREB and JNK/AP-1 signaling pathways [16].
Whether APRIL and/or BAFF upregulate HoxC4 to induce AID expression has not been
addressed. In this study, we investigated the effects of APRIL and BAFF on the
transcriptional regulation of HoxC4 in B cells. We found that APRIL induces HoxC4
transcription by enabling NF-κB binding to the HoxC4 promoter.

Materials and methods
Animals

BALB/c mice were purchased from Damool Science (Daejeon, Korea) and maintained on an
8:16 h light:dark cycle in an animal environmental control chamber. Eight- to twelve-week-
old mice were used, and animal care was conducted in accordance with the institutional
guidelines of the Institutional Animal Care and Use Committee of Konyang University.

Cell culture and reagents
The mouse B lymphoma cell line CH12F3-2A (surface, Igμ+) [17] was kindly provided by
Dr. T. Honjo (Kyoto University, Kyoto, Japan). Mouse spleen B cell suspensions were
prepared as described previously [18]. The cells were cultured at 37°C in a humidified CO2
incubator (Forma Scientific, Marietta, OH, USA) in RPMI-1640 medium (WelGENE,
Daegu, Korea) supplemented with 10% fetal bovine serum (PAA Laboratories, Etobicoke,
ON, Canada). The cells were stimulated with LPS (0.5 μg/ml for spleen B cells or 12.5 μg/
ml for CH12F3-2A, E. coli 0111:B4; Sigma, St. Louis, MO, USA), IL-4 (10 ng/ml, R&D
Systems, Minneapolis, MN, USA), BAFF (100 ng/ml, R&D Systems), and APRIL (100 ng/
ml, R&D Systems). The p38 inhibitor (SB203580) and the JNK inhibitor (SP600125) were
purchased from Selleck Chemicals (Houston, TX, USA).

Expression and reporter plasmids
The NF-κB p50, p65, and p50–p65 fusion proteins that were subcloned into pcDNA3
[19,20] were provided by Dr. J. Stavnezer (University of Massachusetts Medical School,
Worcester, MA, USA). The expression plasmid for dominant negative (DN)-IκBα (3C/2N-
IκBα) [21] was obtained from Dr. M. Arsura (University of Tennessee Cancer Institute,
Memphis, TN, USA). The HoxC4 promoter DNA fragment (−521 to +45; HR2C1) was
amplified from mouse kidney genomic DNA by PCR using the following primers: forward
5'-CGGCTCGAGGCTCTGGGGCCTGGGCCGGG-3' and reverse 5'-
CGGAAGCTTTCCTTCCTTGCTAAAGATGG-3'. The HoxC4 promoter segment was
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subcloned into pGL3-Enhancer Vector (Promega, Madison, WI, USA), and the promoter
reporter was named pGL3e-HR2C1. pGL3e-HR2C1 reporters containing mutations in the
putative NBEs were constructed using the QuikChange™ Site-Directed Mutagenesis
method (Stratagene, La Jolla, CA, USA).

RT-PCR
RNA preparation, reverse transcription, and PCR were performed as described previously
[22]. The following PCR primers were synthesized by Bioneer (Seoul, Korea): AID, forward
5'-AGATAGTGCCACCTCCTGCTCACTGG-3', reverse 5'-
GGCTGAGGTTAGGGTTCCATCTCAG-3' (product size, 209 bp); HoxC4, forward 5'-
CTACCTGACCCGAAGGAGAA-3', reverse 5'-TGACCTCACTTTGGTGTTGG-3'
(product size, 136 bp); and β-actin, forward 5'-CATGTTTGAGACCTTCAACACCCC-3',
reverse 5'-GCCATCTCCTGCTCGAAGTCTAG-3' (product size, 320 bp). All reagents for
RT-PCR were purchased from Promega. PCR for β-actin was performed in parallel to
normalize cDNA concentrations within each set of samples. Aliquots of the PCR products
were resolved by electrophoresis on 2% agarose gels.

Transfection and luciferase reporter assays
Transfection was performed by electroporation with a Gene Pulser II (Bio-Rad, Hercules,
CA, USA) [22]. Reporter plasmids were co-transfected with expression plasmids and
pCMVβgal (Stratagene), and luciferase and β-gal assays were performed as described
previously [22].

Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assays were performed using a ChIP assay kit
(Upstate Biotechnology, Inc., Lake Placid, NY, USA). Cells (3×107) were fixed with 1%
formaldehyde, washed, resuspended in lysis buffer, and sonicated. After removing cell
debris by centrifugation, the supernatant was diluted ten-fold with ChIP dilution buffer and
precleared with a salmon sperm DNA/Protein A agarose-50% slurry. The supernatant
fraction was transferred to a fresh tube with 10 μg/ml anti-NF-κB p65 (C-20) and anti-NF-
κB p50 (H-119) rabbit polyclonal antibodies (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and incubated overnight at 4°C. Salmon sperm DNA/Protein A agarose-50% slurry
(60 μl) was added to the immune complexes, and after incubation for 1 h at 4°C, the
supernatant was discarded. The protein-DNA cross-links were reversed by digestion with 2
μl of 10 mg/ml proteinase K, and the DNA was extracted, dissolved in 20 μl Tris/EDTA
buffer, and subjected to PCR. The primer sequences for the HoxC4 promoter region were as
follows: forward, 5'-CATCCAACCTGCACTGAAGC-3', and reverse, 5'-
AGTGCCTTTCCAGTGGTCTC-3' (product size, 119 bp). The PCR products were resolved
by electrophoresis on 2% agarose gels.

Statistical analysis
Statistical differences between experimental groups were determined by analysis of
variances. Values with p < 0.05 by an unpaired two-tailed Student's t test were considered
significant.

Results and discussion
APRIL induces HoxC4 expression in mouse B cells

APRIL and BAFF have been shown to induce Aicda mRNA expression in mouse B cells
[14,15]. As we have shown, HoxC4 is a critical transcription factor for Aicda promoter
activation, and it mediates Aicda transcription in response to a variety of stimuli, including
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estrogen hormones, which play a significant role in AID upregulation in lupus-prone female
mice and possibly in lupus patients [9,11,23]. We first determined whether APRIL and
BAFF also induce HoxC4 mRNA expression. As we have reported [9,11], LPS and IL-4
induced HoxC4 and AID expression in mouse B cells. APRIL also induced HoxC4 and AID
mRNA expression, while BAFF induced AID but not HoxC4 (Fig. 1A and B). These results
support the hypothesis that APRIL induces AID expression through HoxC4 enhancement.

Effect of APRIL on HoxC4 promoter activity
We next surveyed the 5' flanking DNA of the HoxC4 gene for sequences containing
potential transcription factor-binding elements in four species. We then constructed a mouse
HoxC4 gene promoter reporter vector to analyze the induction of HoxC4 transcriptional
activation by APRIL and BAFF. We identified multiple putative NF-κB-binding elements
(NBE1, NBE2, NBE3) as well as STAT-, AP1-, and CREB-binding sites within the HoxC4
promoter region (Fig. 2A) (TFSEARCH Version 1.3, Parallel Application TRC Laboratory,
RWCP, Tokyo, Japan; MatInspector Version 3.0, Genomatix Software GmbH, Munich,
Germany; MATCH™ public version 1.0, BIOBASE GmbH, Wolfenbuttel, Germany).
Consistent with our endogenous HoxC4 mRNA expression findings (Fig. 1), BAFF did not
significantly induce HoxC4 promoter activation. By contrast, APRIL induced HoxC4
promoter activation by 2.3-fold (Fig. 2B). Thus, APRIL effectively activates the HoxC4
promoter to induce HoxC4 and subsequent AID expression.

APRIL-induced activation of HoxC4 promoter is mediated by NF-κB
The activation of NF-κB represents one of the most important APRIL-induced mechanisms
in the B cell signaling cascade [24]. To determine whether the three putative NF-κB-binding
elements (NBEs), which were identified within the HoxC4 promoter (Fig. 2A), are
important for the activation of this gene, we tested the effects of the deletion of each of the
NBE using transient reporter assays in CH12F3-2A cells. The mutant reporters (mt1 and
mt3) responded to APRIL similar to the wild-type (wt) pGL3e-HR2C1 (Fig. 3A). However,
under similar conditions, the reporter activity of mt2 was significantly reduced, indicating
that the second NBE (NBE2) is required for APRIL-induced promoter activation.

APRIL can also activate the JNK and p38 pathways [25], which eventually activate the
transcription factors AP-1 and CREB. Thus, we constructed deletion mutant reporters for
putative AP-1 and CREB binding sites (Fig. 2A) in pGL3e-HR2C1 and measured the
activation of these HoxC4 promoter constructs. We did not detect any decrease in HoxC4
promoter activation in AP-1 or CREB binding site deletion mutant reporters compared to the
wt reporter (data not shown). In addition, treatment with either a p38 inhibitor (SB203580)
or a JNK inhibitor (SP600125) did not affect APRIL-induced HoxC4 mRNA expression or
APRIL-induced HoxC4 promoter activation in both mouse spleen B cells and CH12F3-2A
cells (data not shown). This further suggests that, in B cells, APRIL induces HoxC4
transcription through the NF-κB pathway but not through the JNK/p38 pathway.

Next, we used a chromatin immunoprecipitation (ChIP) assay to investigate the binding of
NF-κB proteins to the NBE2 region of the HoxC4 promoter in APRIL-treated CH12F3-2A
B cells or primary mouse B cells. We specified the HoxC4 promoter DNA sequence
containing NBE2 in the DNA that was precipitated by Ab to p65 or p50 from either
CH12F3-2A or primary mouse B cells. The amount of the specified HoxC4 DNA promoter
was further increased by APRIL stimulation, suggesting an increased recruitment of NF-κB
proteins to this promoter (Fig. 3B). Thus, our results indicate that NF-κB is induced by
APRIL signaling and binds to NBE2 of the HoxC4 promoter.
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Overexpression of NF-κB enhances HoxC4 promoter activation
Because our results indicate that NF-κB is a critical transcriptional activator in APRIL-
induced HoxC4 promoter activation, we assessed the effect of NF-κB on HoxC4 promoter
activation. The overexpression of the p50 and p65 subunits of NF-κB and a p50–p65 fusion
gene increased APRIL-induced promoter activation by 1.8- and 2.1-fold, respectively (Fig.
4). Additionally, this increase was abolished by the overexpression of a dominant negative
(DN) form of IκBα (DN-IκBα), an active inhibitor of NF-κB. These experiments further
emphasize the role of NF-κB in mediating APRIL-induced HoxC4 promoter activation.
Thus, NF-κB plays an important role in HoxC4 transcription. On the other hand, it has been
known for many years that NF-κB is a redox-sensitive transcription factor [26,27]. Hence,
there is a good chance that HoxC4 expression might be up-regulated by oxidative stress
through a NF-κB-mediated mechanism in mouse B cells. However, this possibility remains
to be tested.

Overall, these findings provide new evidence that APRIL, a cytokine important in B cell
proliferation and differentiation, induces HoxC4 expression through NF-κB, which binds to
and activates the HoxC4 promoter to induce HoxC4 transcription. The HoxC4 protein in
turn activates the Aicda promoter to induce AID expression. In spite of our unequivocal
demonstration of a role for HoxC4 in APRIL-induced AID upregulation, we cannot rule out
the possibility that APRIL triggers signaling pathways that directly induce AID expression.
Indeed, we are currently exploring the direct regulation of AID promoter activity by APRIL.

APRIL and BAFF are produced by monocytes, macrophages, and dendritic cells and share
two common receptors: the transmembrane activator, calcium modulator, and cyclophilin
ligand interactor (TACI) and B-cell maturation antigen (BCMA), which are both expressed
on B cells [28,29]. Through TACI and BCMA, both APRIL and BAFF provide critical
signals for the survival and proliferation of peripheral B cells and plasma cells [30] and both
can induce AID and promote Ig CSR [14,15,31]. Despite these structural and functional
similarities, APRIL and BAFF also display different activities. As we have shown here,
unlike APRIL, BAFF could not induce HoxC4 mRNA expression and promoter activation
(Fig. 1 and 2B). Moreover, APRIL, but not BAFF, binds to heparin sulfate proteoglycans
(HSPGs) as receptors [32,33]. This different receptor usage may explain the efficient
induction of HoxC4 expression by APRIL but not BAFF. Thus, it will be important to
investigate the receptor(s) through which APRIL induces HoxC4 and subsequent AID
expression in B cells. Like APRIL, BAFF induces NF-κB activation in mouse B cells [24].
However, BAFF did not induce HoxC4 promoter activation (Fig. 2B), although an important
NF-κB binding element (NBE3) is located in the promoter (Fig. 3). The underlying
mechanisms of the inability of BAFF for HoxC4 induction involving NF-κB remain to be
determined. There are two possibilities which will explain the difference between APRIL
and BAFF to induce HoxC4 expression even if both cytokines can activate NF-κB. The first
is that different NF-κB family members might be activated by the two different cytokines
and only certain kinds of activated NF-κB are involved in HoxC4 expression. The second
possibility is that BAFF-activated NF-κB may not bind to the NBE of HoxC4 promoter
because the NBE is a composite binding site for only a distinct set of APRIL-activated NF-
κB. In fact, we have recently shown that NF-κB does not mediate BAFF-induced AID
expression in mouse B cells [16]. Since HoxC4 directly induces AID expression, this result
strongly suggests that BAFF-induced, NF-κB-mediated transcriptional activation does not
involved in HoxC4 gene promoter.

High levels of APRIL and BAFF recur in patients with autoimmune diseases, such as
systemic lupus, rheumatoid arthritis, multiple sclerosis, and Sjögren's syndrome, and
correlate with pathogenic autoantibody titers [29]. As we have shown, HoxC4 plays a major
role in mediating AID upregulation, thereby mediating the production of class-switched and
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hypermutated autoantibodies in lupus B cells [23,34]. We have also shown that HoxC4
upregulation in lupus is further enhanced by estrogen [9] and, as suggested by our current
findings, can be increased by APRIL. Together with researching showing delay of disease
development in a murine model of lupus by selective antibody-mediated APRIL blockade
[35], our data suggest significantly different roles of APRIL and BAFF for mediating the
upregulation of AID and the induction of antibody and autoantibody responses.

Conclusions
In conclusion, our findings demonstrate that APRIL induces HoxC4 expression through NF-
κB-mediated HoxC4 gene transcription, and HoxC4 in turn can induce AID expression by B
cells. HoxC4 and AID are upregulated in lupus B cells and can mediate the production of
class-switched and hypermutated autoantibodies by the B cells. On the other hand, excess
level of APRIL correlate with activity of autoimmune diseases and titers of pathogenic
autoantibodies caused by B cell abnormality. Consequently, our observations will serve
basis to regulate the production of pathogenic autoantibodies in autoimmune patients.
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Abbreviations

AID activation-induced cytidine deaminase

AP-1 activator protein-1

APRIL a proliferation-inducing ligand

BAFF B cell-activating factor belonging to the TNF family

ChIP Chromatin immunoprecipitation

CREB cAMP response element binding protein

CSR class switch recombination

DN dominant negative

GC germinal center

Ig immunoglobulin

IL interleukin

LPS lipopolysaccharide

NF-κB nuclear factor-κB

NBE NF-κB-binding element

SHM somatic hypermutation

STAT signal transducer and activator of transcription
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Fig. 1.
Effects of APRIL and BAFF on the expression of HoxC4 and AID. Mouse spleen B cells
(A) or CH12F3-2A cells (B) were stimulated with LPS, IL-4, BAFF, or APRIL, as
indicated. After 48 h of culture, RNAs were isolated, and levels of HoxC4 and AID mRNA
were measured by RT-PCR. The graphs show relative HoxC4 and AID cDNA levels
normalized to the expression of β-actin cDNA by ImageJ (NIH, Bethesda, MD, USA)
analysis. Densitometric data are averages of two independent experiments with ranges
(bars).
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Fig. 2.
Effect of APRIL on HoxC4 promoter activity. (A) Alignment of the 5' flanking DNA
sequences of the HoxC4 gene in mouse, rat, human, and bovine. Gray shading indicates
DNA sequences conserved among the four species. The putative STAT, AP1, and CREB
binding sites as well as NF-κB binding elements (NBE1, NBE2, NBE3) were boxed. The
region utilized for the HoxC4 promoter luciferase reporter construct (pGL3e-HR2C1) is
indicated by vertical bars (−521, +45). The arrow marks the putative transcription initiation
site (+1) of the mouse HoxC4 gene (GeneID: 15423). (B) CH12F3-2A cells were transfected
with the pGL3e-HR2C1 reporter (15 μg). Cells were then stimulated with LPS, IL-4, BAFF,
or APRIL, and luciferase activity was assayed 16 h later. The transfection efficiency was
normalized to β-gal activity. Data represent the average luciferase activity from three
independent transfections with SEM error bars. *p < 0.05.
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Fig. 3.
Functional analysis of putative NF-κB binding sites in HoxC4 promoter activity. (A) Effect
of APRIL on the promoter activity of mutant HoxC4 promoter reporters. Three different
mutant reporters were constructed (mt1, mt2, mt3), which lacked each NBE, as indicated.
CH12F3-2A cells were transfected with the reporters (15 μg). APRIL was added, and the
luciferase activity was determined 16 h later. Transfection efficiency was normalized to β-
gal activity. Data shown are the average luciferase activity of three independent
transfections with SEM (bars). *p < 0.05. (B) ChIP assay to determine whether NF-κB
bound to the HoxC4 promoter region (NBE2). PCR of crosslinked chromatin precipitated
from APRIL-stimulated or -nonstimulated (nil) CH12F3-2A and mouse spleen B cells with
preimmune control (irrelevant rabbit IgG) or anti-p65 or anti-p50 Ab that were amplified for
the HoxC4 promoter with the indicated primers.
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Fig. 4.
Effect of NF-κB overexpression on APRIL-induced HoxC4 promoter activity. CH12F3-2A
cells were transfected with reporters (15 μg) and the indicated expression plasmids (10 μg).
APRIL was added, and luciferase activity determined 16 h later. Transfection efficiency was
normalized to β-gal activities. Data shown are average luciferase activities of three
independent transfections with SEM (bars). *p < 0.05.

Park et al. Page 13

Cytokine. Author manuscript; available in PMC 2013 July 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


