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Abstract
Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by the production of
an array of pathogenic autoantibodies, including high-affinity anti-dsDNA IgG antibodies. These
autoantibodies are mutated and class-switched, mainly to IgG, indicating that immunoglobulin (Ig)
gene somatic hypermutation (SHM) and class switch DNA recombination (CSR) are important in
their generation. Lupus-prone MRL/faslpr/lpr mice develop a systemic autoimmune syndrome that
shares many features with human SLE. We found that Ig genes were heavily mutated in MRL/
faslpr/lpr mice and contained long stretches of DNA deletions and insertions. The spectrum of
mutations in MRL/faslpr/lpr B cells was significantly altered, e.g., increased dG/dC transitions, and
increased targeting of the RGYW/WRCY mutational hotspot and the WGCW AID-targeting
hotspot. We also showed that MRL/faslpr/lpr greatly upregulated CSR, particularly to IgG2a and
IgA in B cells of the spleen, lymph nodes and Peyer’s patches. In MRL/faslpr/lpr mice, the
significant upregulation of SHM and CSR was associated with significantly increased expression
of AID, which mediates DNA lesion, the first step in SHM and CSR, and translesion DNA
synthesis (TLS) polymerase (pol) θ, pol η and pol ζ, which are involved in DNA synthesis/repair
process associated with SHM and, possibly, CSR. Thus, in lupus-prone mice, SHM and CSR are
dysregulated, as a result of enhanced AID expression and, therefore, DNA lesions, and
dysregulated DNA repair factors, including TLS polymerases, which are involved in the repair
process of AID-mediated DNA lesions.
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Introduction
Systemic lupus erythematosus (SLE) is a chronic autoimmune disease characterized by the
production of autoantibodies with multiple specificities, mainly for nuclear antigens. These
autoantibodies cause lesion to specific organs, including kidneys, central nervous system
and heart [1, 2]. Despite the evidence for the pathogenic role of these autoantibodies, the
mechanisms that lead to their production remain largely unknown. An important feature of
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pathogenic autoantibodies in lupus is that they are heavily mutated [1, 3–11], emerging from
unmutated V(D)J templates of natural autoantibody-producing cell precursors in the primary
B cell repertoire [12–18]. Indeed, reversion of hypermutated V(D)J sequences of anti-
dsDNA autoantibodies to germline led to loss of dsDNA-binding [6, 17, 19, 20], indicating
that somatic hypermutation (SHM) is critical in the generation of these autoantibodies. Not
only are pathogenic autoantibodies hypermutated to acquire a high-affinity for the selecting
self-antigen(s), but are also class-switched, mostly to IgG, through class switch DNA
recombination (CSR). IgG autoantibodies can gain access to the extracellular space, thereby
mediating tissue/organ injury.

MRL/faslpr/lpr mice develop a systemic autoimmune syndrome that shares many features
with human SLE. These mice are characterized by the spontaneous development of a severe
systemic autoimmune disease, exhibiting autoantibody production,
hypergammaglobulinemia, lymphadenopathy and immune complex glomerulonephritis [21,
22]. In lupus-prone MRL/faslpr/lpr mice, the serum level of the major pathogenic Ig isotypes,
IgG2a and IgG1, is increased by more than 10-fold, as compared to normal mouse controls
[23]. Consistent with the role of SHM and CSR in the generation of pathogenic
autoantibodies in MRL/faslpr/lpr mice, ablation of these two processes through knockout of
Aicda gene, which encodes activation-induced cytidine deaminase (AID), led to abrogation
of lupus nephritis [24].

SHM and CSR are highly regulated. In the germinal centers (GC) of secondary lymphoid
organs, antigen-primed B cells are activated in a T cell-dependent fashion to undergo SHM
and CSR. SHM is initiated by transcription of the targeted V(D)J region DNA and
eventually inserts mismatches in both DNA strands. The SHM machinery preferentially
targets the RGYW/WRCY (R = A or G, Y = C or T, W = A or T) mutational hotspot [25–
28]. CSR entails germline IH-S-CH transcription of the upstream and downstream CH genes
that will be involved in the recombination event, generation of DSBs in the S regions
located 5′ of the respective CH genes and, eventually, ligation of the upstream switch (S)
region DNA end with the downstream S region DNA end, and deletion of the intervening
DNA. Such a recombination event brings a rearranged VHDJH segment initially upstream of
Cμ or Cδ exons into close proximity of Cγ, Cα or Cε, thereby preserving antibody
specificity [29].

SHM and CSR would entail two sequential stages: generation of DNA lesions and DNA
lesion repair [30–35]. The first stage of both SHM and CSR require the intervention of AID.
AID preferentially deaminates dC within WRC in single-stranded DNA [36–40], as existing
in the transcription bubble of V(D)J and S region DNA, in SHM and CSR, respectively [36,
38, 41–44]. The resulting dU:dG mispair can be “replicated over”, yielding dC → dT or dG
→ dA transition (Phase 1a). Alternatively, dU can be deglycosylated by the uracil DNA
glycosylase Ung, yielding an abasic site, a lesion that can be bypassed by error-prone TLS
polymerases during DNA replication, thereby leading to insertion of transition and
transversion mutations, or can be processed by the base excision repair (BER) pathway
(Phase 1b). This entails excision by apurinic/apyrimidinic endonuclease (APE) or the
Mre11-Rad50 lyase [45, 46] to create DNA nicks. Proximal nicks on opposite strands give
rise to double-stranded DNA breaks (DSBs), which are obligatory intermediates in CSR
[30–33, 41, 42, 44, 47–54]. Alternatively, the dU:dG mispair can recruit the Msh2-Msh6
heterodimer, MutSα, to initiate the MMR pathway (Phase 2), leading to DNA nicks, single-
strand DNA gaps and DSBs through the intervention of a yet to be identified
endonuclease(s) and exonuclease I (Exo I) [55, 56]. In SHM, completion of MMR through
intervention of error-prone TLS polymerases, instead of the high-fidelity pol δ and pol ε,
would lead to the introduction of mutations during DNA re-synthesis [33, 43, 54, 57]. In
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CSR, repair of DSBs, as occurring in both Phase 1b and Phase 2, likely by a non-classical
non-homologous end-joining (NHEJ) pathway [58], leads to S-S region synapsis [59].

Mutation frequency is significantly higher in B cells of SLE patients than in healthy subjects
[60, 61]. Accordingly, both SLE patients and lupus mice display high levels of circulating
IgGs, including pathogenic autoantibodies. Prolonged T:B cell contact centered on
CD154:CD40 engagement, dysregulated production of B cell-stimulating T cell-derived
cytokines and/or B cell apoptosis may contribute to abnormal SHM or CSR in lupus B cells
[62]. However, the molecular mechanisms that are responsible for enhanced SHM or CSR
remain to be identified [62]. It has been suggested that Aicda mRNA level is greatly
increased in GC B cells of lupus-prone BXD2 mice, as compared to C57BL/6 mice [63, 64],
and, conversely, lupus nephritis is abrogated in AID-deficient MRL/faslpr/lpr mice [24].

We contend that in the lupus, the expression of AID and TLS polymerases and, therefore,
SHM and CSR are dysregulated, resulting in the generation of highly mutated and class-
switched autoantibodies. We show here that lupus-prone MRL/faslpr/lpr mice display high
rates of SHM and CSR in association with extensive DNA lesions, including deletions and
insertions, in the Ig heavy chain (Igh) locus. In these autoimmune mice, high SHM and CSR
rates, and extensive DNA lesion are associated with upregulation of AID expression and
TLS DNA polymerases, suggesting that these AID-mediated DNA lesions and TLS
polymerase-mediated DNA repair play an important role in the emergence of lupus
autoantibodies.

Materials and Methods
Autoimmune and non-autoimmune mice

MRL/faslpr/lpr and C57BL/6 mice were purchased from the Jackson Laboratory (Bar Harbor,
ME). The mice were housed in pathogen-free facilities, and were provided with autoclaved
food and deionized water. All animal protocols were approved by the Institutional Animal
Care and Use Committee of University of California, Irvine, CA.

Ig CSR analysis
The numbers of (B220+) B cells or GC (PNAhi B220+) B cells expressing IgM, IgG1,
IgG2a, IgG2b, IgG3 or IgA were determined by FACS analysis. Single cell suspensions
were prepared from spleen, axillary lymph nodes, brachial lymph nodes, inguinal lymph
nodes or Peyer’s patches of 11-week-old MRL/faslpr/lpr and non-autoimmune C57BL/6 mice
and stained with PE-conjugated anti-mouse CD45R (B220) mAb (clone RA3-6B2)
(eBioscience, San Diego, CA) or Alexa Fluor® 647-conjugated PNA (Invitrogen Corp.,
Carlsbad, CA), as well as rat anti-mouse IgM (clone II/41), anti-mouse IgG1 (clone A85-1)-,
anti-mouse IgG2a (clone R19-15)-, anti-mouse IgG2b (clone R12-3)-, anti-mouse IgG3
(clone R40-82)-, or anti-mouse IgA-FITC (clone C10-3) mAb (BD Biosciences, San Jose,
CA). Cells were fixed with 1% paraformaldehyde in PBS and analyzed using a
FACSCalibur™ flow cytometer (BD Biosciences).

Amplification and sequence analysis of the intronic VJ558DJH4-iEμ DNA
Peyer’s patches PNAhi B cells were obtained from 11-week-old MRL/faslpr/lpr and non-
autoimmune C57BL/6 mice and used to analyze SHM in the intronic DNA downstream of
rearranged VJ558 genes. Phusion™ DNA polymerase (New England Biolabs Inc., Ipswich,
MA) was utilized for chromosomal DNA amplifications. Primers for PCR amplifications
were synthesized by Operon (Huntsville, AL). The intronic heavy chain region downstream
of rearranged VHDJH was amplified using nested PCR involving primer pairs, JX13F: 5′-
AGCCTGACATCTGAGGAC-3′ and JX4R: 5′-TCTGATCGGCCATCTTGACTC-3′ for the
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first PCR round and JX15F: 5′-CATCTGAGGACTCTGCNGTCTAT-3′ and JX5R: 5′-
CCTCACTCCCATTCCTCGGTTAAA-3′ for the second, yielding an about 900 bp
fragment if rearrangement involves JH4. Reaction conditions for the first round were 94°C
for 1 min, 58°C for 1.5 min, 68°C for 1.45 min for 35 cycles, and for the second-round PCR
were 94°C for 45 sec, 58°C for 1 min and 68°C for 1.45 min for 35 cycles. PCR products
were cloned into the pCR-TOPO™ vector (Invitrogen Corp.) and sequenced. In the case of
the JH-iEμ intronic DNA, only JH4-iEμ sequences were analyzed. Sequences were analyzed
using the MacVector 7.2 software (Accelrys Inc., San Diego, CA). The differences in
frequency and spectrum of mutations in MRL/faslpr/lpr and C57BL/6 mice were analyzed
using χ2 tests.

Quantitative real-time PCR (qRT-PCR) analysis of Aicda, TLS pol θ, pol η, and pol ζ (rev3)
mRNA

Lymph nodes, thymus, spleen, Peyer’s patches, and liver cells were isolated from MRL/
faslpr/lpr and non-autoimmune C57BL/6 mice. Total RNA was extracted from 2–10 × 106

cells using Trizol (Invitrogen Corp.) according to manufacturer’s instructions. Residual
DNA was removed from the extracted RNA with DNase I (New England Biolabs Inc.). The
first strand cDNAs were synthesized from equal amounts of total RNA (2 μg) using the
SuperScript™ Preamplification System (Invitrogen Corp.) and Oligo dT-primer. For real-
time quantification of transcripts, the cDNA in test samples was diluted 10 fold in distilled,
deionized water and 2 μl was used as a template in a volume of 25 μl containing each primer
at 0.3 mM. RT-PCR primers were as follows: Aicda forward 5′-
TGCTACGTGGTGAAGAGGAG-3′ and reverse 5′-TCCCAGTCTGAGATGTAGCG-3′,
pol θ forward 5′-AGCCCTCAGCTCCGGTGTGGAC-3′ and reverse 5′-
GGAAACACGGAAGAAAGCGTTG-3′, pol η forward 5′-
GCCCAACCGCCAAACCCTGGTCTCAC-3′ and reverse 5′-
GGTAGCGCAGAGGAAGAGCATTGTG-3′, pol ζ (rev3) forward 5′-
TCTCAGTCTCCCACAGGCAAAC-3′ and reverse 5′-
CTTTTCTGGCACATCCGAAGG-3′, gapdh forward 5′-
TTCACCACCATGGAGAAGGC-3′ and reverse 5′-GGCATGGACTGTGGTCATGA-3′.
Quantitative real-time qRT-PCR analysis was performed using an DNA Engine Opticon 2
Real-Time PCR Detection System (Bio-Rad Laboratories, Inc., Hercules, CA) to measure
SYBR-green (DyNAmo HS SYBR Green, New England Biolabs Inc.) incorporation with
the following protocol: 50°C for 2 min, 95°C for 10 min, 40 cycles of 95 °C for 10 sec,
60°C for 20 sec, 72°C for 30 sec, 80°C for 1 sec, and data acquisition at 80°C, and 72°C for
10 min. Melting curve analysis was done from 72°C–95°C and samples were incubated for
another 5 min at 72°C. The ΔΔCt method was used for data analysis.

Results
Aicda, and TLS pol θ, pol η, and pol ζ (rev3) are upregulated in lymph nodes, Peyer’s
patches and spleen of lupus-prone MRL/faslpr/lpr mice

AID is essential for the first stage of SHM and CSR (the generation of DNA lesions). TLS
pol θ, pol η and pol ζ play important roles in the second stage (DNA repair), thereby
contributes to the overall frequency and spectrum of mutations. We hypothesized that a
significantly increased expression of AID and TLS polymerases underlie the dysregulated
SHM and CSR in lupus B cells. As shown by us and others, expression of AID, TLS pol θ,
pol η and pol ζ is induced in B cells activated by the same stimuli that induce SHM and
CSR, including CD154, LPS or BCR crosslinking [26–28, 42, 65–67]. Consistent with our
hypothesis, we found that in lupus-prone MRL/faslpr/lpr mice, the expression, as measured
by real-time qRT-PCR, of Aicda, pol θ, pol η and pol ζ (rev3) in lymph nodes, Peyer’s
patches and the spleen, which contained a large proportion of hypermutating and class
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switching GC B cells, was significantly higher than that in non-autoimmune C57BL/6 mice
(Figure 1). Thus, the transcription regulation program of Aicda and TLS polymerases is
significantly upregulated in B cells of lupus-prone MRL/faslpr/lpr mice.

Lupus-prone MRL/faslpr/lpr mice show increased loads of somatic point-mutations in the
Igh locus

In SLE patients, peripheral B cells show a marked increased mutation frequency [62],
displaying an overall frequency of mutations in nonproductive Ig VλJλ or VκJκ DNA that is
4- to 7-fold that of healthy subjects [60–62]. To analyze SHM in lupus-prone mice, we
analyzed mutations in the intronic JH4-iEμ hi) B cells from 11-week old female sequence
downstream of rearranged VJ558DJH4 DNA in GC (PNA MRL/faslpr/lpr and age-matched
female non-autoimmune C57BL/6 mice, using methods reported by us and others [26–28,
66, 68]. As we previously argued, mutations in this intronic region are not subjected to
positive or negative selection, therefore, reflecting the inherent nature and bias of the SHM
machinery [28]. In addition, their frequency is still relatively high, even though they account
for the tail of the V(D)J hypermutation wave.

VJ558DJH4-iEμ DNA was amplified using a nested PCR involving two VJ558 FR3 forward
primers and two different JH4 intronic reverse primers. Analysis of 113 and 103 JH4-iEμ
intronic DNA sequences (534 bp) from 3 11-week-old MRL/faslpr/lpr and 3 age-matched
non-autoimmune C57BL/6 mice showed that in MRL/faslpr/lpr mice, 92% of JH4-iEμ DNA
sequences carried point-mutations, while only about 43% from C57BL/6 mice did so (p <
0.0001) (Figure 2). The overall frequency of mutations in MRL/faslpr/lpr mice was at least 3-
fold that of C57BL/6 mice (p < 0.00001): 10.36 × 10−3 versus 3.43 × 10−3 change/base,
respectively. Thus, SHM is significantly upregulated in lupus-prone MRL/faslpr/lpr mice.

Somatic point-mutations in lupus-prone MRL/faslpr/lpr mice are altered in spectrum
In MRL/faslpr/lpr mice, the greatly increased frequency of somatic point-mutations was
associated with significantly altered spectrum of mutations. These autoimmune mice showed
a preference in mutations at dG/dC compared to dA/dT, and exhibited a dominance of dG/
dC transitions, which increased by over 47.2% compared to the non-autoimmune C57BL/6
mice (Figure 2), while the proportion of transition mutations at dA/dT was not significantly
changed (p = 0.11). The increase in transition mutations at dG/dC resulted from increased
transitions at both dG and dC, by 57.7% and 143.4%, respectively (p < 0.0001).

MRL/faslpr/lpr mice also displayed an increased targeting of mutations to the RGYW/
WRCY hotspot (Figure 2). In these mice, the proportion of mutations that segregated with
RGYW/WRCY was more than 44% higher than in C57BL/6 mice: 41.2% versus 28.6% (p <
0.002). RGYW/WRCY contains the WRC motif and its complement GYW, which are
preferentially targeted by AID in vitro, indicating that the intrinsic SHM hotspot owes much
to the inherent sequence specificity of AID itself [40]. Since AID can form dimers in vivo
[69, 70], partially overlapping WRC on opposite strands would facilitate binding by two
subunits of an AID dimer. The ensuing AID target hotspot in vivo would then be WGCW,
which represents the most frequent embodiment of the hotspot of SHM [40]. The number of
mutations targeting WGCW was significantly increased in MRL/faslpr/lpr mice (Figures 2, 3
and 4). In these mice, the mutations segregating within WGCW were more than 26.5% of
the overall JH4-iEμ mutations, as compared to 10.1% in C57BL/6 mice (p < 0.0001). In
MRL/faslpr/lpr mice, 82% of WGCW mutations targeted dG/dC, while only 47% did so in
C57BL/6 mice. At least 70% of dG/dC mutations within WGCW in MRL/faslpr/lpr mice
were transitions. Thus, most point-mutations in MRL/faslpr/lpr mice consisted of dG/dC
mutations, mainly dG/dC transitions, and segregated within the WGCW AID hotspot.
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Lupus-prone MRL/faslpr/lpr mice undergo increased CSR
The important feature of the pathogenic autoantibodies found in patients with SLE is that
they are IgG produced by an oligoclonal expansion of B cells. In individual SLE patients
and lupus mice, the onset of clinical disease is associated with switching of autoantibodies
from IgM to IgG. The predominance of IgG over IgM among pathogenic autoantibodies in
human SLE and murine lupus indicates that CSR is an important mechanism underlying the
development of disease. In our analysis of B220+ cells in spleen, axillary lymph nodes,
brachial lymph nodes, inguinal lymph nodes and Peyer’s patches of lupus-prone MRL/
faslpr/lpr mice, as few as 2.3% and 2.4% of total B cells (axillary and brachial lymph nodes)
were surface IgM+ (Figure 5a), while in non-autoimmune control C57BL/6 mice, IgM+ B
cells accounted for as many 86.0% and 54.9% of total B cells (spleen and axillary lymph
nodes). The reduced surface IgM+ B cells in MRL/faslpr/lpr mice reflected the increased
proportions of B cells that underwent CSR. In these mice, more than 21% of spleen B cells
switched to IgG2a, the dominant isotype of autoantibodies in murine lupus, a percentage
near 7-fold higher than that in C57BL/6 mice, and up to 25% of B cells switched to IgA in
the spleen (Figure 5b and 5c). The increased proportion of switched B cells in MRL/faslpr/lpr

mice did not merely result from an overall increased number of GCs (not shown), but also
stemmed from an increased proportion of B cells that underwent CSR among GC (PNAhi) B
cells in these autoimmune mice as compared to their non-autoimmune C57BL/6
counterparts (Figure 6). Almost 46% of splenic GC (PNAhi) B cells in MRL/faslpr/lpr mice
underwent CSR to IgG2a, as compared with only 3.6% in non-autoimmune C57BL/6
control mice. Thus, in lupus-prone MRL/faslpr/lpr mice, B cells significantly upregulate CSR
to all secondary Ig isotypes, with a predominance of CSR to IgG2a.

Lupus-prone MRL/faslpr/lpr mice accumulate DNA deletions and insertions in the Igh locus
We found that, in addition to the greatly increased loads of point-mutations and significantly
higher CSR rates, MRL/faslpr/lpr mice displayed a high frequency of deletions and insertions
in the Igh locus. We chose to analyze the intronic JH4-iEμ sequence for DNA lesions, as this
area is targeted by the SHM machinery. We reasoned that the impact of AID-mediated dC
deamination could give rise single- or double-stranded DNA breaks, eventually leading to
losses (deletions) or additions (insertions) of DNA sequences.

We amplified and analyzed VJ558DJH4-iEμ DNA sequences from Peyer’s patch GC (PNAhi)
B cells of 3 11-week-old MRL/faslpr/lpr and 3 age-matched C57BL/6 mice. While only 3 of
103 VJ558DJH4-iEμ sequences from the Peyer’s patch B cells of C57BL/6 mice bore
deletions or insertions (2 deletions and 1 insertion), all of which were only 3-bp in length, 28
of 113 VJ558DJH4-iEμ sequences from Peyer’s patch B cells of MRL/faslpr/lpr mice
contained DNA deletions or insertions, respectively. Over 50% of these deletions and
insertions consisted of more than 100 bp (Figures 7, 8, and 9). With the exception of one of
the insertions containing a 419 bp sequence of chromosome 2, the nature and origin of the
insertions were not identified. Thus, in autoimmune MRL/faslpr/lpr mice, the Igh locus
accumulates multiple lesions, including both wide DNA deletions and long DNA insertions.

Discussion
The importance of somatically hypermutated and class switched, mainly IgG, autoantibodies
in the pathological manifestations of systemic lupus is well established, but little is known
about the precise molecular mechanisms underlying the generation of such autoantibodies.
In these studies, we have shown markedly enhanced SHM and CSR as well as significant
loads of DNA lesions in the Igh locus of lupus-prone MRL/faslpr/lpr mice. We also shown
that in these autoimmune mice, Igh locus DNA lesions and increased SHM and CSR were
associated with upregulation of AID and TLS pol θ, pol η and pol ζ. Our findings suggest
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that in lupus B cells, enhanced AID expression and dysregulation of TLS polymerases lead
to aberrant SHM and CSR, which likely play a role in the generation of autoantibodies. They
also provide a first evidence that DNA deletions and insertions occur at a high rate in the Ig
locus of lupus B cells, likely as a result of the overall dysregulation of AID and other
important elements of the SHM and CSR machineries.

Our findings imply that the dysregulation of SHM and CSR in lupus B cells is mediated by a
significantly increased AID expression and, possibly, an enhanced recruitment of TLS
polymerases to V(D)J and S region DNA, respectively. This is supported by our
demonstration that somatic mutations in lupus B cells preferentially targeted the WGCW
AID hotspot and were mainly dG/dC mutations, namely, dG → dA and dC → dT
transitions. It has been suggested that the level of AID affects SHM and CSR, and, therefore,
the affinity maturation and the class switching of autoantibodies in autoimmunity [64, 71].
The significantly higher Aicda expression in BXD2 autoimmune mice, as compared to their
non-autoimmune mouse counterparts, is dependent on CD4+ T cells and is particularly
apparent in B cells expressing a high level of CD86 [64]. Soluble CTLA-4-mediated
inhibition of the CD28:CD86 co-engagement results in an inhibition of the “spontaneous”
GC reaction, a reduction in Aicda expression to a level comparable to that in normal mice,
and decreased production of IgG autoantibodies [64], strongly suggesting that AID
induction is critical to SHM and CSR in lupus B cells, and the generation of autoantibodies.
Indeed, lupus nephritis is abrogated in AID-deficient MRL/faslpr/lpr mice, in which
circulating anti-dsDNA IgGs are barely detectable [24].

The spontaneous splenic GC reaction in autoimmune MRL/faslpr/lpr, as well as NZBxNZW
F1, BXSB or BXD2 mice [64, 72], but not in age-matched, non-autoimmune mice,
coincides with the appearance of autoantibodies [21, 22], indicating that the SHM and CSR
processes that lead to generation of high affinity IgG autoantibodies unfold mainly, although
possibly not exclusively, in GCs. The intrinsic hyperactivities of lupus B cells, likely
compounded by a dysregulated interaction of these B cells with other immune cells, would
result in not only a higher frequency of GCs [72], but also a sequence of molecular events
leading to aberrant SHM and CSR. Increased AID expression in lupus B cells perhaps
reflects an aberrant regulation of these lymphocytes by other immune cells in the GC, likely
through CD154:CD40 engagement and co-stimulatory receptors, and/or their intrinsic
hyperactivity. Accordingly, these events would be reflected in the higher frequency of
mutations in B cells from SLE patients, as compared to healthy individuals [60, 61], and the
high proportion of IgM+IgD+ B cells spontaneously undergoing CSR in SLE patients [73].

In CSR, AID deaminates dCs in S regions, leading to the emergence of DSBs. In addition to
their role in CSR, AID-induced DSBs can promote Igh-c-Myc chromosomal translocations
[74], suggesting that AID also mediates the generation of DNA lesions, such as DSBs,
outside S regions. The frequency of DSBs in S region and non-S region DNA has been
thought to correlate with the level of AID expression. In an Aicda+/− plasmacytoma mouse
model, reduced AID expression levels impaired S region DSBs and Igh-c-Myc
translocations [75]. Accordingly, in Aicda+/− MRL/faslpr/lpr mice, a 25–40% reduction of
Aicda expression leads to significantly reduced high-affinity anti-dsDNA IgGs [71], further
suggesting that a high level of AID expression is critical for the generation of pathogenic
autoantibodies. Conversely, the high frequency of deletions and insertions in the Igh locus
we have reported here likely resulted from DSBs effected by AID that we have shown to be
significantly upregulated in lupus-prone MRL/faslpr/lpr mice. Reported Igh-oncogene
translocations involves in general the 3′ portion of JH-iEμ and S region DNA [76], which
was not included in the DNA sequence we analyzed here for deletions and insertions.
Therefore, is reasonable to assume that the actual frequency of deletions and insertions in
the Igh locus of MRL/faslpr/lpr mice was much higher than what we have shown here. The
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overall increased deletions, insertions, point-mutations and altered nature of mutations in
MRL/faslpr/lpr mice strongly point at overall increased DNA lesions by increased AID level
and altered DNA repair in these autoimmune mice.

TLS polymerases play a major role in SHM [32, 33]. In the first stage of SHM and CSR,
AID deaminates dC to mediate DNA lesion generation. In the second stage, DNA repair,
error-prone TLS polymerases insert mutations not only in the immediate vicinity of
deaminated dC, but also as far as 15- and 10-nucleotides 5′ and 3′ from the deamination site,
respectively [32, 33], thereby affecting the distribution, frequency and spectrum of
mutations. Upregulated AID and TLS polymerases would explain the greatly increased
frequency and altered distribution and spectrum of mutations we have shown here in lupus-
prone MRL/faslpr/lpr mice. TLS pol θ, pol η and pol ζ play important yet different roles in
SHM. As we have shown, knockdown of the Rev3 subunit of pol ζ or deficiency in pol θ
results in a significantly reduced overall mutation frequency, at both dC/dG and dA/dT [27,
28]. By contrast, deficiency in pol η results in significantly decreased dA/dT mutations with
a virtually normal mutation frequency [77, 78]. Pol θ, pol η and pol ζ are preferentially
expressed in hypermutating B cells [27, 28, 79] and are induced in B cells by the stimuli that
induce AID expression and/or SHM, such as CD154, LPS or BCR crosslinking [26–28, 42,
65, 66, 80]. In autoimmune B cells, enhanced AID expression and AID recruitment to Igh
locus would lead to enhanced recruitment of TLS polymerases. Upregulated AID expression
in autoimmune mice coincides with an upregulation of TLS, which may or may not keep up
with the increased load of DNA lesions effected by the upregulated AID. In lupus B cells,
the higher expression of AID would yield more DNA lesions, resulting in enhanced
recruitment of TLS polymerases to Igh locus and increased occurrence of DSBs, and leading
to a high loads of deletions and insertions, as well as SHM and CSR.

The association of SLE with B cell malignancies has been widely reported [81–84].
Findings in cohort studies provide support for an increased risk of B cell lymphoma in SLE,
but their meaning and pathogenic implications are of difficult interpretation [85]. B cell
lymphomas frequently bear chromosomal translocations that juxtapose Ig loci with an
oncogene [76]. These translocations represent one of the first steps in the neoplastic
transformation of a B cell. Their frequent involvement of the Ig locus is thought to stem
directly from the DNA lesions occurring in V(D)J recombination, SHM and CSR [51, 86].
The significantly increased DNA deletions and insertions in the Igh locus of lupus-prone
mice suggest that translocations are also increased in lupus B cells, possibly playing a
significant role in the lymphomagenesis associated with this disease. Our current
experiments aim at defining the frequency, nature and generation of DNA lesions in SLE
patents and their relative contribution to the origin of translocations.
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Figure 1.
Aicda, polθ, pol η,and pol ζ (rev3) are preferentially expressed in lymph nodes, Peyer’s
patches and spleen of lupus-prone MRL/faslpr/lpr mice. Total RNA was prepared from
spleen, lymph nodes, Peyer’s patches, thymus and liver of non-immunized 8-week old
MRL/faslpr/lpr or age-matched non-autoimmune C57BL/6 mice. The levels of Aicda, polθ,
pol η, and pol ζ (rev3) transcripts were analyzed by real-time qRT-PCR using SYBR green
and normalized to gapdh expression. Data are mean values ± SD from 3 independent
experiments.
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Figure 2.
Mutation frequency is greatly increased and mutation spectrum is significantly altered in
lupus-prone MRL/faslpr/lpr mice. (a) Pie charts depict the proportions of sequences that
carry 1, 2, 3, etc. point-mutations over the 534 bp intronic JH4-iEμ DNA in GC (PNAhi) B
cells from Peyer’s patches of three 11-week old MRL/faslpr/lpr and C57BL/6 mice. The
numbers of sequences analyzed are at the center of the pies. (b) Compilations, with the
numbers indicating percentages of all mutations scored in the pool of all point-mutations
from MRL/faslpr/lpr and C57BL/6 mice. Below the compilations, the ratio of mutations at
dG/dC to those at dA/dT, the ratio of transition:transversion substitutions at both dC/dG and
dA/dT, and the ratio of mutations within and outside RGYW/WRCY mutational hotspots
and WGCW AID hotspots are indicated. The significance of differences in the mutation
frequency/spectrum between MRL/faslpr/lpr and C57BL/6mice was analyzed with the χ2 test.
p < 0.05 were considered statistically significant.
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Figure 3.
SHM is upregulated and preferentially targets the WGCW AID hotspot in lupus-prone mice.
The 534 bp intronic JH4-iEμ DNA of Peyer’s patch PNAhi B cells of 11-week-old lupus-
prone MRL/faslpr/lpr and age-matched non-autoimmune C57BL/6 mice were sequence
analyzed. Mutations in MRL/faslpr/lpr mouse DNA are shown in red, mutations in C57BL/6
mouse DNA are shown in blue. WGCW AID hotspots are shown in green. RGYW/WRCY
mutational hotspots are shown in blue. AGCT and AGCA motifs, which are iterations of
both WGCW and RGYW are underlined.
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Figure 4.
SHM is significantly upregulated in the lupus-prone mice. The 534 bp intronic JH4-iEμ
DNA of Peyer’s patch B cells of 11-week-old lupus-prone MRL/faslpr/lpr and non-
autoimmune C57BL/6 mice were sequence analyzed. Mutations in MRL/faslpr/lpr mouse
DNA are shown in red, mutations in C57BL/6 mouse DNA are shown in blue. WGCW AID
hotspots are highlighted green. RGYW/WRCY mutational hotspots are highlighted blue.
AGCT and AGCA motifs, which are iterations of both WGCW and RGYW are underlined.
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Figure 5.
CSR is significantly upregulated in lupus-prone MRL/faslpr/lpr mice. (a) Cells from spleen,
lymph nodes or Peyer’s patches of MRL/faslpr/lpr or non-autoimmune C57BL/6 mice were
stained with PE-labeled anti-B220 mAb, and FITC-labeled anti-IgM mAb, the IgM- B220+

cells are considered as switched B cells; (b) Cells from spleen, lymph nodes or Peyer’s
patches of MRL/faslpr/lpr or non-autoimmune C57BL/6 mice were stained with PE-labeled
anti-B220 mAb, and FITC-labeled anti-IgA mAb; (c) Spleen cells from MRL/faslpr/lpr or
non-autoimmune C57BL/6 mice were stained with PE-labeled anti-B220 mAb, and FITC-
labeled anti-IgG1, anti-IgG2a, anti-IgG2b, or anti-IgG3 mAb. Stained cells were then
analyzed by FACS.

ZAN et al. Page 18

Autoimmunity. Author manuscript; available in PMC 2011 July 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Significant increased CSR to all isotypes in GC B cells of lupus-prone mice. (a) GC (PNAhi)
B cells from spleen, lymph nodes or Peyer’s patches of lupus-prone MRL/faslpr/lpr or non-
autoimmune C57BL/6 mice were stained with PE-labeled anti-B220 mAb, FITC-labeled
anti-IgM mAb and then analyzed for surface fluorescence by FACS. (b) GC (PNAhi) B cells
from the spleens of MRL/faslpr/lpr or C57BL/6 mice were stained with PE-labeled anti-B220
mAb, FITC-labeled anti-IgM, anti-IgG1, anti-IgG2a, anti-IgG2b, anti-IgG3 or anti-IgA
mAb, and then analyzed for surface fluorescence by FACS.
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Figure 7.
The Igh locus in the B cells of lupus-prone MRL/faslpr/lpr mice contains a high frequency of
deletions. Pie charts depict the proportions of sequences that contain different numbers of
deletions (pink) over the about 900 bp intronic VJ558DJH4-iEμ DNA in GC (PNAhi) B cells
from Peyer’s patches of three 11-week-old MRL/faslpr/lpr and three 11-week-old C57BL/6
mice. Depicted are locations and sizes of deletions.
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Figure 8.
The Igh locus in the B cells of lupus-prone MRL/faslpr/lpr mice contains a high frequency of
insertions. Pie charts depict the proportions of sequences that contain different numbers of
insertions (red) over the about 900-bp VJ558DJH4-iEμ DNA in GC (PNAhi) B cells from
Peyer’s patches of three 11-week old MRL/faslpr/lpr and three 11-week-old C57BL/6 mice.
Depicted are locations and sizes of insertions.
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Figure 9.
The junction sequences of deletions and deletions in the Igh locus of MRL/faslpr/lpr mice.
VJ558DJH4-iEμ DNA of GC (PNAhi) B cells from Peyer’s patches of MRL/faslpr/lpr or
C57BL/6 mice were amplified and sequenced. Each sequence is compared with germline
Igh sequence. (a) The deleted nucleotides are indicated by pink dots. The numbers on top of
each aligned sequence indicate upstream and downstream breakpoints of recombined
sequences. (b) The inserted sequences are in red and underlined. The upstream and
downstream VJ558DJH-iEμ sequences linked to the inserted DNA are in blue.
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