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Abstract
Activation Induced Deaminase (AID) is an enzyme responsible for somatic hypermutation (SHM)
and immunoglobulin heavy chain class switch recombination (CSR). Because AID causes double-
stranded breaks in DNA, its expression is highly regulated and is normally restricted to germinal
center B cells. Dysregulated AID expression can lead to cancer as a result of AID-mediated
chromosomal translocations. Many transcription factors including Paired box protein 5 (Pax5)
have been implicated in regulating the expression of Aicda, the gene encoding AID. In this study,
we demonstrate that exogenous expression of Pax5 in a murine plasmacytoma cell line, 558LμM,
leads to robust activation of endogenous Aicda transcription. Pax5 is known to initiate
transcription both through its N-terminal paired DNA-binding domain (DBD) and C-terminal-
activation domain. Through mutational analysis, we demonstrate that Pax5 regulates Aicda
transcription through its C-terminal-activation domain. Together, our work describes a novel
system that will be useful for determining how Pax5 regulates Aicda transcription.
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Introduction
Activation Induced Deaminase (AID) is an enzyme required for somatic hypermutation
(SHM) and class switch recombination (CSR) in germinal center B cells [1]. Activities of
AID are indispensable for immunoglobulin affinity maturation and functional
diversification, which are essential for the generation of diverse and effective humoral
immune responses. AID is encoded by the Activation-induced cytidine deaminase (Aicda)
gene, and is a member of the Apolipoprotein B mRNA editing enzyme catalytic polypeptide
(Apobec) family of RNA and DNA editing enzymes [2]. Mechanisms of action of AID are
not understood completely. AID modifies single-stranded DNA (ssDNA) by deamination of
cytosine to generate uracil in vitro [3]. Similar modifications of bases by AID occur in vivo.
The presence of uracil in immunoglobulin variable and switch regions in germinal center B
cells is dependent on AID, providing direct evidence for cytosine modifications as part of
AID-mediated functions [4]. AID also deaminates 5-methylcytosine (5-meC), resulting in
thymine in vitro [5]. Conversion of 5-meC to thymine has been identified as an intermediate
step in DNA demethylation that occurs in early embryonic stages of humans and mice [6-8].
In B cells, AID-converted uracils and surrounding bases are substrates for error-prone base
excision repair and mismatch repair, which restore the normal sequence of DNA or result in
somatic hypermutation (SHM) of DNA encoding Ig variable regions (reviewed in [9]). In
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the context of switch regions within Ig heavy chain loci, staggered breaks in double-stranded
DNA (dsDNA) induced by AID provide ends for deletion of intervening DNA and joining
in class switch recombination (CSR). However, despite the extensive characterization of
AID's activities in vitro, it is not understood how 1) the expression of AID is regulated in
germinal center B cells, 2) it is targeted to DNA sequence ‘hotspots’ [3], and 3) its functions
are restricted to these sequences in variable region segments of Ig genes.

Following embryogenesis, AID expression is confined to germinal center B cells. However,
promiscuous AID expression is strongly associated with tumorigenesis, including B and T
cell lymphomas and leukemias and gastric, lung and colorectal cancers [10-14]. The genesis
of these cancers is likely due to dsDNA breaks induced by AID, which can result in
chromosomal translocations between Ig and non-Ig gene loci. Robbiani and colleagues
found that AID was responsible for the chromosomal breaks in c-myc that promote IgH/c-
myc translocations common in Burkitt's lymphomas in humans and plasmacytomas in mice
[15, 16]. AID generates dsDNA breaks in a spectrum of non-Ig genes, including genes
encoding transcription factors and signaling proteins required for normal B cell functions
[17]. The recent detection of chromosomal translocations in normal B cells suggests that the
AID-dependent generation of these hybrid loci, which could potentially promote
tumorigenesis, is an ongoing process [18]. Thus, it is not surprising that the dosage, cell
type-specificity and duration of AID expression is tightly controlled during B cell
maturation in the context of germinal centers.

Pax5 is an important B cell lineage commitment factor that functions primarily in the early
stages of B cell development. Pax5 has been studied extensively as a driver of early B cell
development, where it cooperates with other transcription factors to activate the B cell-
specific program of expressed genes [19, 20]. Pax5 is also essential for B cell lineage
commitment [21]. Importantly, Pax5 limits the developmental potential of B cells by
repressing the transcription of genes of other hematopoietic lineages [22].

Although Pax5 has been demonstrated to be important for transcription of germinal center B
cell-specific genes, the role of Pax5 in Aicda transcription is somewhat controversial.
Enforced expression of Pax5 in pro-B cell lines activated Aicda transcription [23]. AID
expression in chronic lymphocytic leukemia (CLL) is associated with high expression of the
Pax5 [24, 25]. Tran and colleagues identified a binding site for Pax5 in the first intron of the
Aicda gene [26]. Interestingly, PI3K signaling may regulate Aicda expression by promoting
expression of Blimp-1, which in turn represses Pax5 expression [27, 28].

Many cell-based systems have been used to study the regulation of AID expression,
including the human Burkitt's lymphoma cell lines Ramos and Raji [29, 30] and the murine
Ly1+ B cell lymphoma CH12 [31]. However, these cell lines are inefficient models for
studies of Aicda regulation because the gene is constitutively transcribed. Here, we
demonstrate the efficacy of a novel in vitro system based on the 558LμM murine
plasmacytoma cell line [32], which was used previously to identify the Ig-α protein as a
component of the B cell receptor (reviewed in [33]). Previously, we employed 558LμM cells
to determine requirements for transcriptional activation of the mb-1/Cd79a gene in B cells
[34-37]. 558LμM cells do not express key regulators of the early B cell-specific
transcriptional program, including Early B cell Factor 1 (EBF1) and Pax5, which activate
mb-1 transcription synergistically. In this study, we observed that enforced expression of
Pax5 by itself is sufficient to induce transcriptional activation of endogenous Aicda gene in
multiple subclones of 558LμM cells. Activation of Aicda transcription requires the
previously identified activation domain of Pax5. We conclude that Pax5 is a limiting factor
for activation of Aicda transcription in plasmacytoma cells.
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Methods
Plasmids

Expression vectors for full length human Pax5 (1-391) or Pax5 (1-149) were described
previously [34]. To produce expression vectors for other truncations of Pax5, BSPax5.S1
was amplified using PCR and primer pairs 5’-
CTCATCATGGATTTAGAGAAAAATTATCC-3’ (5’ end of all clones) and (CΔ1) 5’-
TTACCAGGAGTCGTTGTACGAGGAATA-3’, (CΔ2) 5’-
CTATGTCACAATGGGGTAGGACTGCGG-3’, (CΔ3) 5’-
CTAGTCTCCCCGCATCTGCTTCCGGAG-3’, or (CΔ4) 5’-
CTACGACGAGCCGGCCGAATCCGTGCT-3’[38]. Each amplified fragment was ligated
at the filled in (Klenow) XhoI site of MSCV-IRES-GFPαStu.

Cell lines, Transfection, Retroviral Infection, and Flow Cytometry
μM.2 cells stably expressing EBF1:ER, μM.3, and μM.10 cell lines were described
previously [34, 37]. The generation of retroviruses and transduction of cells were described
previously [34]. GFP+YFP+ cells and YFP+ cells were sorted 72 hours after transduction
using a MoFlo XDP sorter (Beckman Coulter, Brea, CA, USA)

Analysis of mRNA transcripts
Isolation of total RNA and preparation of cDNA were described previously [39]. mRNA
transcripts were detected by quantitative real time PCR (qPCR) with TaqMan® probes
(Invitrogen) specific for murine Hprt (Mm00446968_m1) and Aicda (Mm00507774_m1).
Statistical significance was assessed using Student's t test (GraphPad Prism software).

Western Blot
Whole cell extracts were prepared from 2.5×106 GFP+ cells. Cells were washed twice in ice
cold 1X PBS. The cells were lysed in RIPA buffer [25mM Tris-HCl (pH 7.6), 150mM NaCl,
1% NP-40, 1% sodium deoxycholate and 0.1% SDS]. Thirty μg of each extract was
fractionated on a 4-20% Tris-glycine gel (BioRad). Proteins were transferred to a
nitrocellulose membrane and detection of proteins was performed using rabbit polyclonal
anti-Pax5 primary antibody (Abcam); HDAC2 was detected using rabbit polyclonal anti-
HDAC2 primary antibody (Invitrogen) and IRDye™-700DX–conjugated donkey–anti-rabbit
IgG [H and L] secondary antibody (Rockland Immunochemicals, Inc.). Image acquisition
and analysis were performed using an Odyssey™ infrared imaging system (LI-COR).

Results
We investigated whether Aicda transcription is activated by EBF1 and Pax5 through
enforced expression of these factors in the μM.2 subclone of the 558LμM murine
plasmacytoma cell line [34]. Full-length human Pax5 (1-391) was expressed in μM.2 cells
using retroviral transduction of MSCV-Pax5-YFP, which co-expresses Pax5 and YFP as
separate proteins. Retroviral expression of Pax5 was examined in the absence or presence of
a fusion protein comprising EBF1 and the estrogen receptor ligand-binding domain
(EBF1:ER) [37], which imparts regulation by 4-hydroxytamoxifen (4-OHT). All cells were
treated with 4-OHT 48 hours after transduction to induce EBF1:ER translocation to the
nucleus. YFP+ cells were sorted 72 hours after transduction for isolation of mRNA and
cDNA synthesis. We performed qPCR using Taqman® probes to assess relative levels of
Aicda transcripts in cDNA from sorted cells (Fig 1). All qPCR data were normalized to
transcripts of the Hypoxanthine guanine phosphoribosyltransferase (Hprt) gene. In the
absence of EBF1:ER and Pax5, μM.2 cells did not express Aicda transcripts detectably,
while EBF1:ER by itself induced very low levels of Aicda transcripts. In contrast,
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exogenous expression of Pax5 resulted in a potent >3000-fold increase in Aicda transcript
abundance compared to cells expressing EBF1:ER. However, Pax5 and EBF1:ER did not
activate Aicda transcription synergistically.

Previous studies of 558LμM cells revealed their heterogeneity. The μM.2, μM.3, and μM.10
subclones each display different patterns of CpG methylation at their mb-1 (encodes Igα)
promoters ([34] and unpublished data). mb-1 promoters of the μM.2 subclone are
hypermethylated, which interferes with their transcriptional activation by Pax5. In contrast,
mb-1 promoters in the μM.3 and μM.10 subclones are hypomethylated. mb-1 promoters are
silent, but activated by Pax5 in μM.10 cells. Curiously, mb-1 promoters in μM.3 cells
(originally called 558LμM.3;[32]) are constitutively active in the absence of EBF1 and Pax5
(unpublished data). To determine whether Pax5 activates Aicda transcription in the
subclones, we expressed Pax5 using MSCV-Pax5-YFP in μM.2, μM.3, and μM.10 cell lines.
qPCR analysis revealed a robust increase in endogenous Aicda transcript abundance in all of
the subclones in response to Pax5 (Fig 2). μM.3 cells had low basal levels of Aicda
transcripts, but also showed a potent (>1000 fold) elevation in Aicda transcripts in response
to Pax5. However, Aicda transcript abundance in response to Pax5 was moderately
decreased in μM.3 compared to μM.2 cells. Similar to μM.3 cells, the μM.10 clone also had
low basal levels of Aicda transcripts that were markedly upregulated (>3000 fold) in
response to Pax5. The upregulation of Aicda transcript levels in μM.10 cells was similar to
that seen in μM.2 cells.

Pax5 has a well characterized C-terminal transcriptional activation (transactivation) domain
[40]. However, this domain is not required for transcriptional activation of genes including
mb-1 and Lef1 gene [38, 41]. To determine requirements for Aicda transcription in
plasmacytoma cells, we transduced μM.2 cells with a series of retroviruses (as MSCV-Pax5-
GFP) that express Pax5 with progressively larger C-terminal truncations (Fig 3A). GFP+

cells were sorted 72 hours after infection. qPCR was used to assess levels of Aicda
transcription in μM.2 cells in the absence or presence of full length wild type or truncated
Pax5 mutants. Wild type Pax5 demonstrated the greatest activation of Aicda transcription
(>3000 fold) (Fig 3B). The CΔ1 mutant, which interacts with Groucho, or Grg4 [42], also
activated Aicda transcription at somewhat decreased levels relative to full length Pax5
(>1000 fold). Transcription of Aicda was almost completely ablated after removal of the
entire transactivation domain (CΔ2). Other Pax5 truncation mutants also failed to activate
Aicda transcription. These results indicate that C-terminal residues between 304 and 391 of
Pax5 are required for Aicda transcriptional activation in plasmacytoma cells. We verified
human Pax5 expression in μM.2 by Western Blot (Fig 3C). The μM.2 cells with exogenous
human Pax5 had similar levels of Pax5 protein expression, while the empty GFP control did
not express Pax5. This verifies that activation of Aicda transcription was not due to varying
amounts of Pax5, but due to the truncations of the proteins.

Discussion
In this study we demonstrate that Pax5 induces endogenous Aicda transcription in
transduced plasmacytoma cells. Our results strongly suggest that Pax5 is important for the
expression of endogenous Aicda. However, it remains unclear whether factors synergize
with Pax5 to activate endogenous Aicda transcription. Our data also demonstrate that the C-
terminal-transactivation domain of Pax5 is required to activate endogenous Aicda
transcription. This indicates that Pax5 may target the Aicda gene locus in a manner similar
to its activation of the Cd19 gene through interaction with the C-terminal-activation domain
versus the N-terminal-paired DNA-binding domain [43]. In contrast, Pax5 activates
transcription of other genes such as mb-1 and Lef1 through binding of the paired DNA-
binding domain located in the N-terminus [38, 44]. In the case of the mb-1 promoter, direct
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interactions between Pax5 and Ets family transcription factors activate mb-1 transcription
[38]. We did not obtain evidence for similar interactions between Pax5 and Ets proteins on
the Aicda promoter (data not shown). We also observed little or no enhancement of Aicda
gene activation by EBF1, although low levels of Aicda transcripts were observed in the
presence of EBF1 by itself.

The levels of Aicda transcript abundance observed in μM.2 cells expressing exogenous Pax5
are similar to those in an unstimulated IgA+ subclone of the CH12 murine Ly1+ B cell
lymphoma cell line, which mimics a germinal center B cell. CH12 cells differ from the
558LμM cell lines in that they express endogenous EBF1 and Pax5. Upon stimulation with
IL-4, TGF-β and CD40-specific antibodies, CH12 cells increase AID expression
dramatically due to activation of the NF-κB pathway and class switch to IgA [31, 45]. The
558LμM cell lines have constitutive NF-κB expression (data not shown) and therefore
activate Aicda transcription without additional stimuli once wild type Pax5 is introduced.

We hypothesized that differences in mb-1 promoter responsiveness to transcription factors
between 558LμM subclones extends to Aicda promoters. This could affect the ability of
Pax5 to induce Aicda transcription. Previous work in the laboratory demonstrated that
558LμM cells are a heterogeneous population. Differences in promoter methylation affect
endogenous mb-1 transcription and the cells’ response to transcription factors including
EBF1, Runx1 and Pax5 [34, 36, 37]. Prior to transduction, μM.2 and μM.10 do not express
significant levels of mb-1 transcripts. Expression of Pax5 alone in μM.10, but not μM.2,
cells significantly increases endogenous mb-1 transcription. μM.2 cells require the activities
of both EBF1 and Pax5 for significant mb-1 expression. In contrast, the μM.3 subclone
expresses mb-1 transcripts constitutively. Wild type Pax5 activated endogenous Aicda
transcription in three subclones of the 558LμM cells: μM.2, μM.3, and μM.10. The greatest
levels of Aicda transcription in response to Pax5 were observed in μM.10 cells. Future
studies will assess the status of DNA methylation at Aicda promoters in these cells;
however, Pax5-dependent transcriptional efficiency may be due to other differences between
the subclones, such as the presence of other factors that regulate Aicda transcription.

Pax5 likely synergizes with other regulators of Aicda transcription in plasmacytoma cells.
Multiple B cell-specific and more widely expressed transcription factors have been
implicated in the control of Aicda gene transcription. The basal Aicda promoter comprises
binding sites for Sp factors including Sp1 and Sp3 [46]. Studies in mice suggest that basic
helix-loop-helix proteins (E12 and E47, collectively termed E-proteins) encoded by the
Tcfe2a (E2A) gene activate endogenous Aicda transcription. Sayegh et al. (2003) reported
that B cells overexpressing the Inhibition of differentiation 3 (Id3) protein, a post-
translational inhibitor of E-proteins, failed to activate endogenous Aicda transcription [47].
Kwon et al. (2008) reported that E2A-deficient mice express normal levels of AID, although
the generation of germinal center B cells is impaired [48]. Additionally, Tran et al. (2010)
identified functionally important E boxes in an intron of the Aicda gene [26]. Thus, E-
proteins may regulate Aicda transcription directly. Other factors linked with Aicda
transcription include HoxC4 [49], Irf8 [50], STAT6 and NF-κB [45], which may alleviate
silencing of Aicda genes by c-Myb and E2F [26]. More recently, the basic leucine zipper
transcription factor BATF was shown to activate Aicda transcription directly [51]. We
previously detected E proteins and nuclear NF-κB in the μM.2 subclone. These cells also
express significant levels of Blimp1 transcripts (A.L. Shaffer, unpublished data). Blimp1
may negatively regulate Aicda expression [27]. Additional studies will focus on whether
additional regulatory factors are present in plasmacytoma cells.

558LμM have proven useful for studying activation of endogenous Aicda expression. Future
studies will focus on determining additional requirements for endogenous Aicda
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transcriptional activation. Additionally, these cells can be used to examine the roles that
chromatin remodeling complexes may play in transcriptional activation of Aicda.
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Fig 1.
Exogenous expression of human Pax5 wild type (wt) activates transcription of endogenous
Aicda in the μM.2 subclone of the 558LμM plasmacytoma cell line. Quantitative PCR of
Aicda transcripts in sorted GFP+YFP+ μM.2 cells. All data were normalized to Hprt, n=4 or
5. μM.2 cells + EBF1:ER was set to 1. *p<0.01, **p<0.001.
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Fig 2.
Exogenous expression of Pax5 wild type (wt) activates transcription of endogenous Aicda in
three subclones of the 558LμM plasmacytoma cell line to varying degrees. Quantitative
PCR of Aicda transcripts in sorted YFP+ μM.2, μM.10, and μM.3 cells. All data were
normalized to Hprt, n=3. μM.3 cells with empty YFP vector was set to 1. *p<0.01,
**p<0.001.
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Fig 3.
The C-terminal-transactivation domain of Pax5 is required for endogenous Aicda
transcription in μM.2 cells. A) Schematic of the Pax5 wild-type (wt) and deletion mutants
used in this study. B) Quantitative PCR of Aicda transcripts in sorted GFP+ μM.2 cells. All
data were normalized to Hprt, n=3. μM.2 cells transduced with empty GFP vector was set to
1. **p<0.001, ***p<0.0001. C) Western detection of wild type and truncated Pax5 proteins
in sorted GFP+ μM.2 cells. HDAC2 was detected as a loading control.
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