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Abstract

Genetic variation at immunoglobulin Ig) gene variable regions in B-cells is created through a multi-step process involving
deamination of cytosine bases by activation-induced cytidine deaminase (AID) and their subsequent mutagenic repair. To
protect the genome from dangerous, potentially oncogenic effects of off-target mutations, both AID activity and mutagenic
repair are targeted specifically to thdg genes. However, the mechanisms of targeting are unknown and recent data have
highlighted the role of regulating mutagenic repair to limit the accumulation of somatic mutations resulting from the more
widely distributed AID-induced lesions to thelg genes. Here we investigated the role of the DNA damage sensor poly-
(ADPribose)-polymerase-1 (PARP-1) in the repair of AID-induced DNA lesions. We show through sequencing of the
diversifying Ig genes in PARP#/2 DT40 B-cells that PARP-1 deficiency results in a marked reduction in gene conversign
events and enhanced high-fidelity repair of AlD-induced lesions at both heavy and light chains. To further characterize
the role of PARP-1 in the mutagenic repair of AlD-induced lesions, we performed functional analyses comparing the role of
engineered PARP-1 variants in high-fidelity repair of DNA damage induced by methyl methane sulfonate (MMS) and the
mutagenic repair of lesions at thdg genes induced by AID. This revealed a requirement for the previously uncharacterized
BRCT domain of PARP-1 to reconstitute both gene conversion and a normal rate of somatic mutatiolgagenes, while
being dispensable for the high-fidelity base excision repair. From these data we conclude that the BRCT domain of PARP-1 is
required to initiate a significant proportion of the mutagenic repair specific to diversifying antibody genes. This role is
distinct from the known roles of PARP-1 in high-fidelity DNA repair, suggesting that the PARP-1 BRCT domain hag a
specialized role in assembling mutagenic DNA repair complexes involved in antibody diversification.
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Introduction

The generation of high affinity antibodies through affinity
maturation in B cells relies on the introduction of mutations into
expressed immunoglobulin (g gene alleles by somatic hypermuta-
tion (SHM) or gene conversion (GCV). These closely related
processes are mediated through introduction of a DNA lesion by
activation-induced cytidine deaminase (AID), followed by fixation
of a mutation at or nearby the damage site via a mutagenic, rather
than the usual conservative, DNA repair mechanism [1,2].
Mutations must be restricted to the s genes to protect the rest
of the genome from accumulating potentially dangerous muta-
tions, although this protection is far from perfect. Analysis of the
mechanisms that direct mutagenesis to g loci has revealed the
existence of multiple layers of regulation. One level of control is
temporal regulation of expression of AID to activated B-cells in
germinal centers, where cells with non-beneficial mutations can be
quickly eliminated [3]. Another level of control is targeting of
AlID-mediated deamination to expressed Ig loci and, less

frequently, a subset of other expressed genes through an as yet
undefined transcription-dependent mechanism [4,5]. A third level
of control is the Ig-specific targeting of mutagenic repair. While
identical lesions at non-Ig loci are usually repaired by a high-
fidelity mechanism, at s loci, a mutagenic repair pathway
predominates, either through translesion synthesis by error-prone
polymerases or GCV [6].

While mutagenesis is necessary for high affinity antibody
production, mistargeting of either the AID-mediated deamination
events or the mutagenic repair of incidental mutations has been
linked to the generation of B-cell lymphomas and leukemias
through the introduction of mutations into tumor suppressors and
proto-oncogenes such as Bel6, Myc, RhoH, Piml, and Pax5 [7,8,9].
Recent data suggest that mistargeting of mutations occurs more
frequently than previously thought, highlighting the importance of
understanding how the processes that induce these mutations are
targeted to specific genetic loci [6,10,11]. However, insights into
the biochemistry through which either DNA lesions or mutagenic
repair are targeted have been difficult to achieve, and so far have
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Figure 2. PARP-1 is required for Ig gene conversion. Gene conversion frequenciesH2 SEM) are indicated as a percentage of total mutations
at IgL (A) and IgH (Bn=total number of mutations analyzed for each cell line at each locus. (C) Western blot showing PARP-1 and AID expression

levels with b actin as a loading control.
doi:10.1371/journal.pbio.1000428.9g002

events [29], to ensure that the process of classifying GCV events is
not affecting our conclusions, we have also analyzed the data with
the “ambiguous” mutations excluded from the analysis or scored
as point mutations (Figure S2). In these additional analyses, the
difference in GCV frequencies between WT and PARP2 /2 cells
at the IgL locus remains highly significant (», .0001 and p=.0006,
respectively), although the number of mutations scored at the less
well defined IgH locus was not sufficient to reveal a significant
difference in these more conservative analyses (p=.1023 and
p=.1280, respectively). Subsequent restoration PARP-1 expres-
sion restores GCV at both IgL (»=.0002 and p=.0029) and IgH
(p=.0108 and p=.0108). The individual mutations observed at
IgL can be found in Figure S1 and a schematic of mutations
observed at IgH is shown in Figure S2E.

AID Overexpression Does Not Restore GCV to PARB-1

Cells

In the course of characterizing the GCV of PARP-1272 cells,
we observed that the PARP-12/2 cell line and its hPARP
derivative express less AID than the WT DT40 cells, and that the
PARP-12/2 and hPARP lines had a lower overall mutation rate.
As low AID expression seemed likely to be the inadvertent result of
selection during derivation of the parental PARP-12/2 clone that
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was subsequently carried over to the reconstituted hPARP cell
line, we investigated whether the reduction in AID expression and
corresponding overall mutation rate could be influencing the
proportion of GCV events. For this purpose, we used a retroviral
vector to overexpress gallus gallus AID in each cell line, and
matched AID expression as well as gL transcript levels in selected
clones (Figure 3B and C), as the rate of target gene transcription
has also been shown to affect mutation rate [30,31,32]. Consistent
with previous reports, overexpressing AID does not significantly
increase the proportion of mutations which are GCV events [29]
and does not restore GCV to the PARP-12/2 cells, in spite of
increasing the AID expression to well above the original WT levels
(Figure 3A and D). Interestingly, overexpression of AID does not
significantly increase the mutation rate in the PARP-12 /2 cells as
it does in hPARP, and may be revealing a dose-dependent effect of
PARP-1’s ability to mediate GCV repair of deamination events as
increasing AID expression results in a WT GCV phenotype
intermediate to PARP-12/2 and hPARP (Figure 3A). Further-
more, our ability to generate high stable expression of AID in
PARP-12/2 cells suggests that the reduced mutation rate in
PARP-1272 cells relative to hPARP reconstituted cells cannot be
explained by loss of cells that sustain AlD-mediated lesions, but
rather may reflect a reduced rate of mutagenic repair of AID-
mediated lesions.
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Figure 3. AID overexpression does not restore GCV to PARP-1  2/2 cells. (A) Gene conversion frequencies+(2 SEM) in cell lines
overexpressing ggAlDn = total number of mutations analyzed for each cell line. The total number of sequences analyzed was 169 WT, 137 PARP-1
2, and 106 hPARP. (B) Western blot showing increase in AID expression upon transduction with ggAlID retroviruglL@nscript levels (meant/2
SEM) are similar in cell lines which do and do not support GC\p,* .05, ns=not significant compared to hPARP. (D) AID expression levels do not
directly influence GCV frequencies. Blue bars are AID expression levels (méarSEM) before (dark blue) and after (light blue) transduction with
ggAID cDNA as measured by Western blot and quantified by LICOR Odessey infrared imaging, normalizedd¢tin. Brown bars are GCV frequencies
(mean+/2 SEM) before (dark brown) and after (light brown) transduction with ggAID cDNA as a percentage of total mutations observed for the
indicated cell lines. ***p, .0001, *p, .05,ns=not significant.

doi:10.1371/journal.pbio.1000428.g003

Treatment with the HDAC Inhibitor Trichostatin A Does  accessibility on mutagenic repair at g loci. It has been proposed
Not Rescue GCV in PARP-1 Knockouts that PARP-1 modifies histones at the site of DNA damage to open

As an initial step towards defining the role of PARP-1 in repair chromatin and increase the accessibility of a damaged site to repair
of AID-induced lesions, we investigated the influence of chromatin enzymes [33]. To determine whether altered chromatin accessi-
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doi:10.1371/journal.pbio.1000428.9004

bility could account for deficient GCV in PARP-1272 cells, we
cultured PARP-12/2 cells in trichostatin A, a histone deacetylase
(HDAC) inhibitor, as this has previously been shown to increase
GCV rates, presumably via increasing accessibility of the
pseudogene repair templates to repair machinery [34]. While
the percent and length of GCV events in WT cells went up
dramatically, indicating that the treatment was effective
(Figure 4A), the PARP-12/2 cells are still unable to carry out
GCV (Figure 4B). Thus, the mechanism of PARP-1’s role in
promoting GCV at g loci is not through increasing chromatin
accessibility.

PARP-1 Does Not Promote HR Repair of DSBs

Ig GCV in DT40s proceeds through a pathway involving HR.
Since PARP-1 has previously been implicated in HR repair, we
assessed whether PARP-1’s capacity to promote [g GCV was a
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part of a general role for PARP-1 in promoting HR by evaluating
the capacity of PARP-1272 cells to mediate HR in response to a
single DNA double strand break generated by the homing
endonuclease I-Scel (Figure 5A). In a single-copy, integrated
assay of HR, we find that the expression of PARP-1 does not
promote HR. Rather, in agreement with studies by Wang et al.,
PARP-1 may suppress HR and promote alternate DNA repair
pathways (Figure 5B) [19]. This result indicates that the activity of
PARP-1 at g loci is not part of a global role promoting HR, and
further supports the hypothesis that PARP-1 has a specific role
within GCV as a mutagenic repair pathway operating at g loci. It
also raises the question of whether it is best to consider GCV at g
loci as an unusual, mutagenic instance of otherwise high-fidelity
HR or if a better model would be to consider GCV one pathway
for mutagenic repair at Ig loci that uses much, but not all, of the
same repair machinery as HR.
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doi:10.1371/journal.pbio.1000428.9g005

BRCT Domain of PARP-1, While Dispensable for Global repair [16,35]. In the same assay, dAMD-expressing cells

DNA Repair, Is Required fdg GCV

To further investigate the mechanism by which PARP-1
mediates GCV, we evaluated the role of specific PARP-1
subdomains in promoting mutagenic repair at g loci. Hypothe-
sizing that the role of PARP-1 in mutagenic repair at [g loci may
be distinct from its established role in high-fidelity BER, we
compared DNA BER and Ig GCV among PARP-12/2 clones
reconstituted with PARP-1 variants containing deletions or
inactivating mutations in each domain. Consistent with their lack
of ability to reconstitute any detectable DNA BER (see Figure 1),
sequence analysis of Jz loci in PARP-12/2 cells reconstituted with
the dZF2 or DBD-CAT variants indicated that expression of
either of these PARP-1 variants was unable to reconstitute Iy GCV
(Figure S3). We then analyzed PARP-1 variants that retained
significant capacity to reconstitute BER in the PARP-12/2 cells.
Analysis of PARP-1272 cells reconstituted with variants of PARP-
1 containing either a deletion of the BRCT domain (dBRCT lacks
aa384-479) or the automodification domain sparing the BRCT
domain (dAMD lacks aa372-383 and 480-524) (Figure 6A) gave
surprising results. In an MMS survival assay, the dBRCT cells
survived as well as WT cells (Figure 6C), consistent with previous
data from our lab and others indicating that the BRCT portion of
the automodification domain is not required for PARP activation
via base-damaging agents or PARP-dependent base excision
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exhibited an intermediate survival phenotype when treated with
MMS (Figure 6C), consistent with the JAMD mutant exhibiting a
significant but delayed capacity to catalyze NAD degradation and
ADPR production in response to base damaging agents [16]. We
then assayed the ability of these cell lines to undergo GCV at g
and found that the capacity to mediate GCV does not correspond
with the ability of the cells to carry out global high-fidelity DNA
repair. In contrast, sequence analysis of s loci revealed that the
dBRCT cells, like PARP-1272 cells, were essentially unable to
mediate GCV and had a correspondingly low overall mutation
rate, whereas the dAMD cells were able to gene convert at gL at
or near WT levels (Figure 6D and Figure S3). This observation
demonstrates that the role of PARP-1 in mutagenic GCV at g loci
is distinct from its role in high-fidelity DNA BER. Furthermore, it
implies a novel role for the BRCT domain of PARP-1 in
mediating mutagenic DNA repair at g loci.

Independent of AID Expression, PARB!2, and dBRCT

Variants Accumulate Mutations at a Lower Rate than WT

or hPARP

When AID is overexpressed in cells overexpressing PARP-1
(hPARP), we observe that the mutation rate increases accordingly.
However, when AID is overexpressed in PARP-12/2 cells, we do
not see a significant change in mutation rate. This suggests that
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period. (D) Mutation rate (meant/2 SEM when available) in PARB/Z cells with and without UGI expression, compared to hPARP cells. (E) Tables
showing the distribution of mutations in PARPA/2 and PARP-4/2 UGI cell lines. The changes are scored from the nucleotide indicated on the left to

the nucleotide indicated on the top of the table.
doi:10.1371/journal.pbio.1000428.9g007

mice [26], which could be explained by increased cell death
among hypermutating B cells consistent with the theory that
PARP-1272 B cells accumulate fewer mutations than WT B cells,
and that the cells which fail to increase affinity by hypermutation
are selected against in germinal centers. Our results establish a role
for PARP-1 in the repair of the AID-induced lesions required for
SHM and GCV, and further show that this role is mediated in
part by the BRCT domain of PARP-1, a domain with, to our
knowledge, no previously known function. Without the BRCT
domain of PARP-1, the mutation rate is lower and GCV
essentially absent in DT40 B cells. The requirement for the
BRCT domain of PARP-1 may suggest that an interaction partner
for PARP-1 is important for mediating this role, likely by
inhibiting high-fidelity repair in the UNG-dependent BER
pathway and allowing alternative, mutagenic repair pathways to
predominate or, alternatively, by directly promoting GCV, thus
allowing fewer lesions to enter a high-fidelity repair pathway.

Materials and Methods

PCR and Sequencing dfjLand IgH

The variable regions of IgZ and IgH were amplified with
Accuprime Pfx and blunt end Topo cloned. Single colonies were
picked and sequenced using the M13 reverse primer. The primers
used for PCR were IgL-F: CAGGAGCTCGCGGGGCCGT-

GCCGCCAAGTCCAAG, IgH-F: CGGGAGCTCCGTCAGCG-
CTCTCTGTCC, IgH-R: GGGGTACCCGGAGGAGACGATG-
ACTTCGG.

Categorization of Mutations

A baseline rate of mutation was determined by sequencing an
irrelevant gene, the constant region of IgL, or the variable region
of IgL in AID2 /2 cells. The polymerases Pfx (Invitrogen) and Pfu
Ultra (Stratagene) were also compared (Figure S4). The baseline
mutation rates were well below the observed mutation rates in this
study, and we decide to proceed with our analyses using Pfx
Accuprime polymerase. Sequences were aligned using Phred and
Phrap and viewed in Consed. High quality base discrepancies
were noted and subjected to further analysis. As the total mutation
rate was much lower than 1 mutation/read, tracks of multiple
mutations in a read were scored as GCV events. Single mutations
for which no donor template could be identified were scored as
point mutations. To categorize ambiguous mutations (which
match the pseudogene templates but occur in isolation), results
were compared when these mutations were (1) excluded from the
analysis, (2) always considered point mutations, and (3) always
considered GCV events. These changes made little difference to
the final analysis as the mutations in the PARP-1?/2 and dBRCT
cell lines very rarely matched the pseudogene sequences through
either blast searches or direct comparison to a database of
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collected pseudogene sequences and so were able to be clearly
scored as point mutations. While the ability of WT DT40s to
undergo GCV is not in question, in order to avoid missing any
GCV events which may occur in the PARP?/2 and dBRCT cell
lines, it was decided to use the most inclusive definition of a GCV
event, which is every mutation that matches the pseudogene
sequences (annotated as “‘similar to immunoglobulin lambda
chain” within gi 118098819) by blastn. At [gH, where the
pseudogenes are not well characterized, a match resulting from a
whole genome blast which was located adjacent to IgH was
considered a suitable donor sequence for a GCV event and again,
and all mutations with a donor template match were scored as
GCV events. In spite of the poor assembly at IgH, the availability
of donor templates as assessed is equivalent for all the cell lines
used, so they may be compared. p values were generated using
Fisher’s exact test.

RT-PCR and Quantification of IgL Transcript

Q-PCR was performed on a BioRad icycler using the BioRad
SYBR green master mix. The annealing temperature was 58°C.
The following primers were used: IgL-F: caggagctcgcggggcecgt-
cactgattgccg, IgL-R: gcgcaagcttccccagectgccgecaagtccaag, Beta
Actin F: tgagagggaaatcgtgcgtgacatc, Beta Actin R: caggaaa-
gagggttggaacagagec. IgL transcript level was normalized to b-
actin and hPARP expression using the DDCt method. Data
analysis was performed using Microsoft Excel and Graphpad
Prism.

Western Blots

Whole cell lysates were separated by SDS-PAGE, transferred to
Millipore immobilon membrane, and probed with the following
antibodies: PARP-1: ALX-210-302 (Alexis Biochemicals), bActin:
A2228 (Sigma-Aldrich), and AID: LS-C34861 (Lifespan Biosci-
ences). Secondary antibodies were labeled with IRdye-700CW or
IRdye-800CW and analysis and quantification was done on the
LICOR Odyssey Infrared Imager.

Tissue Culture

DT40 cells were cultured in RPMI with 10% FBS, 5% CS,
Pen/Strep, and b-ME at 41°. PARP-127/? cells and the WT
parent cell line were a generous gift from S. Takeda. Cell lines
reconstituted with hPARP-1 and the variant hPARP constructs
were generated by electroporation of PARP-1 cDNA in the 5/TO
vector (Invitrogen) at 550V, 25 uF in 4 mm cuvettes using the
GenePulser from Bio-Rad. Colonies which grew in hygromycin
were matched for PARP-1 expression by Western blot. AID? /2
cells were a gift from JM Buerstedde. AID?72 cells transfected
with E988K were then transfected with human AID cDNA in the
4/TO vector (Invitrogen) as above, with selection in zeocin. Cells
treated with TSA were incubated in 2 ng/mL TSA (Sigma
T8552), refreshed daily, for the entire culture period. Cell lines
overexpressing AID used for mutation analysis were generated by
retroviral transduction of a plasmid encoding chicken AID IRES
GFP, another gift from S. Takeda. GFP high cells were subcloned
and AID expression was measured by Western blot. All cells used
for mutation analysis were subcloned by limiting dilution
immediately before the culture period to ensure a homogenous
starting population. Cells were then allowed to accumulate
mutations for a period of 6 wk in initial experiments and 4 wk
for experiments in which all the cell lines overexpress AID. There
were no notable differences in generation time and all cells were
split 1:16 every other day. For calculations which include
generation time, 12 h was used.
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HR Assays

A recombination substrate encoding BFP containing an intron
with the recognition sequence for I-Scel was transduced into
DT40s using a limiting titer of lentivirus to bias toward single
integration events (cultures with less than 5% transduction
efficiencies were used). Transient transfection of a GFP repair
template plus 1-Scel expression plasmid was performed by
electroporation at 250 V, 950 uF in 4 mm cuvettes. Parallel
transfection of a GFP control plasmid was used to estimate
transfection efficiency and frequency of HR was calculated as the
percent of mCherry positive cells that were also GFP positive,
divided by the percent that were positive for the GFP control.

MMS Survival Assays

Cells were exposed to MMS at the indicated concentrations for
1h at 37°. They were then washed 26 in fresh media and
resuspended in 3 mL media. 450 ul of 3% agar was added and
1 mL was plated in triplicate. Plates were grown for 3-4 d at 41°
before colonies were counted.

Supporting Information

Figure S1 Mutations observed in the IgL sequence of
WT, PARP-1272 | and hPARP cell lines. Point mutations are
indicated below the reference sequence in red. Gene conversion
events are indicated in boxes. The total number of sequences
analyzed to generate these data were 93 WT, 184 PARP2/2  and
186 hPARP, all after 35 d in culture (70 generations).

Found at: doi:10.1371/journal.pbio.1000428.5001 (0.24 MB PDF)

Figure $2 Different assessments of GCV do not change
the dependence on PARP-1. Gene conversion frequencies at
IlgL when (A) percent gene conversion is calculated when
“ambiguous” mutations (those that match upstream pseudogenes,
but occur in isolation) are excluded from analysis or (B) when
“ambiguous” mutations are categorized as point mutations. (C)
and (D) are the same analyses at the IgH locus. (E) Line drawing
depicting point mutations (lollipops) and gene conversion events
(bars) in WT, PARP-1272, and hPARP at the Ig/ locus.

Found at: doi:10.1371/journal.pbio.1000428.5002 (0.75 MB TIF)

Figure S3 Schematic representation of mutations ob-
served at IgL in multiple PARP-1 variants. Line drawing
depicting representative point mutations (lollipops) and gene
conversion events (bars) at gL in each of the cell lines used in
this study after 30 d in culture (60 generations). (A) WT, 58 total
mutations in 168 reads. (B) PARP-12 /2 22 total mutations in 175
reads. (C) hPARP, 53 total mutations in 106 reads. (D) dAMD, 27
total mutations in 79 reads. (E) dBRCT, 16 total mutations in 236
reads. (F) DBDCat, 23 total mutations in 255 reads. (G) dZF2, 26
total mutations in 430 reads.

Found at: doi:10.1371/journal.pbio.1000428.5003 (0.56 MB TIF)

Figure S4 Background mutation rates of polymerase
and DT40s in culture. (A) Mutations accumulated in an
irrelevant gene in DT40 cells over 8 wk (120 generations) in
culture when amplified with Pfx (Invitrogen). (B) Mutations
accumulated in the constant region of IgL in DT40 cells over
6 wk (84 generations) in culture when amplified with Pfx
(Invitrogen). (C) Comparison of mutations accumulated in the
variable region of IgL in AID2 /2 PARPWT DT40 cells over
10 wk (140 generations) in culture when amplified with Pfx
(Invitrogen) or Pfu (Stratagene). (D) Comparison of mutations
accumulated in the variable region of IgL in Ugi expressing
PARP-12/2 DT40 cells over 3 wk (46 generations) in culture
when amplified with Pfx (Invitrogen) or Pfu (Stratagene).
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Found at: doi:10.1371/journal.pbio.1000428.5004 (0.02 MB PDF)

Acknowledgments

We gratefully acknowledge Shunichi Takeda and Donniphat Dejsuphong

for their generous contribution of the PARP-

1272 cell line and the gallus

gallus AID cDNA retroviral vector; Michael T. Certo and R. Jordan
Jarjour for development of the HR reporter; and Byoung Ryu and Mikhail
Garibov for making the virus used in transductions.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

Muramatsu M, Kinoshita K, Fagarasan S, Yamada S, Shinkai Y, et al. (2000)
Class switch recombination and hypermutation require activation-induced
cytidine deaminase (AID), a potential RNA editing enzyme. Cell 102: 553-563.

. Arakawa H, Hauschild J, Buerstedde JM (2002) Requirement of the activation-

induced deaminase (AID) gene for immunoglobulin gene conversion. Science
295: 1301-1306.

. Muramatsu M, Sankaranand VS, Anant S, Sugai M, Kinoshita K, et al. (1999)

Specific expression of activation-induced cytidine deaminase (AID), a novel
member of the RNA-editing deaminase family in germinal center B cells. J Biol
Chem 274: 18470-18476.

. Betz AG, Milstein C, Gonzalez-Fernandez A, Pannell R, Larson T, et al. (1994)

Elements regulating somatic hypermutation of an immunoglobulin kappa gene:
critical role for the intron enhancer/matrix attachment region. Cell 77:
239-248.

. Inlay MA, Gao HH, Odegard VH, Lin T, Schatz DG, et al. (2006) Roles of the

Ig kappa light chain intronic and 39 enhancers in Igk somatic hypermutation.
J Immunol 177: 1146-1151.

. Liu M, Duke JL, Richter DJ, Vinuesa CG, Goodnow CC, et al. (2008) Two

levels of protection for the B cell genome during somatic hypermutation. Nature
451: 841-845.

. Pasqualucci L, Neumeister P, Goossens T, Nanjangud G, Chaganti RS, et al.

(2001) Hypermutation of multiple proto-oncogenes in B-cell diffuse large-cell
lymphomas. Nature 412: 341-346.

. Halldorsdottir AM, Fruhwirth M, Deutsch A, Aigelsreiter A, Beham-Schmid C,

et al. (2008) Quantifying the role of aberrant somatic hypermutation in
transformation of follicular lymphoma. Leuk Res 32: 1015-1021.

. Shen HM, Peters A, Baron B, Zhu X, Storb U (1998) Mutation of BCL-6 gene

in normal B cells by the process of somatic hypermutation of 1g genes. Science
280: 1750-1752.

Wang CL, Harper RA, Wabl M (2004) Genome-wide somatic hypermutation.
Proc Natl Acad Sci U S A 101: 7352-7356.

Martin A, Scharff MD (2002) Somatic hypermutation of the AID transgene in B
and non-B cells. Proc Natl Acad Sci U S A 99: 12304-12308.

Kothapalli N, Norton DD, Fugmann SD (2008) Cutting edge: a cis-acting DNA
element targets AID-mediated sequence diversification to the chicken Ig light
chain gene locus. J Immunol 180: 2019-2023.

Blagodatski A, Batrak V, Schmidl S, Schoetz U, Caldwell RB, et al. (2009) A cis-
acting diversification activator both necessary and sufficient for AID-mediated
hypermutation. PLoS Genet 5: €1000332. doi:10.1371/journal.pgen.1000332.
Hochegger H, Dejsuphong D, Fukushima T, Morrison C, Sonoda E, et al.
(2006) Parp-1 protects homologous recombination from interference by Ku and
Ligase IV in vertebrate cells. EMBO J 25: 1305-1314.

Trucco C, Oliver FJ, de Murcia G, Menissier-de Murcia J (1998) DNA repair
defect in poly(ADP-ribose) polymerase-deficient cell lines. Nucleic Acids Res 26:
2644-2649.

Buelow B, Uzunparmak B, Paddock M, Scharenberg AM (2009) Structure/
function analysis of PARP-1 in oxidative and nitrosative stress-induced
monomeric ADPR formation. PloS One 4: e6339. doi:10.1371/journal.
pone.0006339.

Veuger SJ, Curtin NJ, Smith GC, Durkacz BW (2004) Effects of novel inhibitors
of poly(ADP-ribose) polymerase-1 and the DNA-dependent protein kinase on
enzyme activities and DNA repair. Oncogene 23: 7322-7329.

Robert I, Dantzer F, Reina-San-Martin B (2009) Parpl facilitates alternative
NHEJ, whereas Parp2 suppresses IgH/c-myc translocations during immuno-
globulin class switch recombination. J Exp Med 206: 1047-1056.

Wang M, Wu W, Rosidi B, Zhang L, Wang H, et al. (2006) PARP-1 and Ku
compete for repair of DNA double strand breaks by distinct NHEJ pathways.
Nucleic Acids Res 34: 6170-6182.

Schreiber V, Ame JC, Dolle P, Schultz I, Rinaldi B, et al. (2002) Poly(ADP-
ribose) polymerase-2 (PARP-2) is required for efficient base excision DNA repair
in association with PARP-1 and XRCCL1. J Biol Chem 277: 23028-23036.
Saberi A, Hochegger H, Szuts D, Lan L, Yasui A, et al. (2007) RAD18 and
poly(ADP-ribose) polymerase independently suppress the access of nonhomol-
ogous end joining to double-strand breaks and facilitate homologous
recombination-mediated repair. Mol Cell Biol 27: 2562-2571.

PLoS Biology | www.plosbiology.org

PARP-1 Is Required for Ig Gene Conversion

Author Contributions

The author(s) have made the following declarations about their
contributions: Conceived and designed the experiments: MNP AMS.
Performed the experiments: MNP BDB. Analyzed the data: MNP AMS.
Contributed reagents/materials/analysis tools: BDB ST. Wrote the paper:
MNP AMS.

22.

23.

24,

25.

26.

27.

28.

29.

30.

3L

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

13

Ambrose HE, Papadopoulou V, Beswick RW, Wagner SD (2007) Poly-(ADP-
ribose) polymerase-1 (Parp-1) binds in a sequence-specific manner at the Bcl-6
locus and contributes to the regulation of Bcl-6 transcription. Oncogene 26:
6244-6252.

Pasqualucci L, Migliazza A, Fracchiolla N, William C, Neri A, et al. (1998) BCL-
6 mutations in normal germinal center B cells: evidence of somatic
hypermutation acting outside Ig loci. Proc Natl Acad Sci U S A 95:
11816-11821.

Huber A, Bai P, de Murcia JM, de Murcia G (2004) PARP-1, PARP-2 and
ATM in the DNA damage response: functional synergy in mouse development.
DNA Repair (Amst) 3: 1103-1108.

Menissier de Murcia J, Ricoul M, Tartier L, Niedergang C, Huber A, et al.
(2003) Functional interaction between PARP-1 and PARP-2 in chromosome
stability and embryonic development in mouse. EMBO J 22: 2255-2263.
Ambrose HE, Willimott S, Beswick RW, Dantzer F, de Murcia JM, et al. (2009)
Poly(ADP-ribose) polymerase-1 (Parp-1)-deficient mice demonstrate abnormal
antibody responses. Immunology 127: 178-186.

Jacobs H, Fukita Y, van der Horst GT, de Boer J, Weeda G, et al. (1998)
Hypermutation of immunoglobulin genes in memory B cells of DNA repair-
deficient mice. J Exp Med 187: 1735-1743.

Mortusewicz O, Ame JC, Schreiber V, Leonhardt H (2007) Feedback-regulated
poly(ADP-ribosyl)ation by PARP-1 is required for rapid response to DNA
damage in living cells. Nucleic Acids Res 35: 7665-7675.

Saberi A, Nakahara M, Sale JE, Kikuchi K, Arakawa H, et al. (2008) The 9-1-1
DNA clamp is required for immunoglobulin gene conversion. Mol Cell Biol 28:
6113-6122.

Fukita Y, Jacobs H, Rajewsky K (1998) Somatic hypermutation in the heavy
chain locus correlates with transcription. Immunity 9: 105-114.

Jacobs H, Puglisi A, Rajewsky K, Fukita Y (1999) Tuning somatic hypermuta-
tion by transcription. Curr Top Microbiol Immunol 246: 149-158; discussion
159.

Peters A, Storb U (1996) Somatic hypermutation of immunoglobulin genes is
linked to transcription initiation. Immunity 4: 57-65.

Dantzer F, Ame JC, Schreiber V, Nakamura J, Menissier-de Murcia J, et al.
(2006) Poly(ADP-ribose) polymerase-1 activation during DNA damage and
repair. Methods Enzymol 409: 493-510.

Seo H, Masuoka M, Murofushi H, Takeda S, Shibata T, et al. (2005) Rapid
generation of specific antibodies by enhanced homologous recombination. Nat
Biotechnol 23: 731-735.

Altmeyer M, Messner S, Hassa PO, Fey M, Hottiger MO (2009) Molecular
mechanism of poly(ADP-ribosyl)ation by PARP1 and identification of lysine
residues as ADP-ribose acceptor sites. Nucleic Acids Res 37: 3723-3738.

Di Noia J, Neuberger MS (2002) Altering the pathway of immunoglobulin
hypermutation by inhibiting uracil-DNA glycosylase. Nature 419: 43-48.

Rossi D, Berra E, Cerri M, Deambrogi C, Barbieri C, et al. (2006) Aberrant
somatic hypermutation in transformation of follicular lymphoma and chronic
lymphocytic leukemia to diffuse large B-cell lymphoma. Haematologica 91:
1405-1409.

Sale JE, Calandrini DM, Takata M, Takeda S, Neuberger MS (2001) Ablation
of XRCC2/3 transforms immunoglobulin VV gene conversion into somatic
hypermutation. Nature 412: 921-926.

Ikejima M, Noguchi S, Yamashita R, Ogura T, Sugimura T, et al. (1990) The
zinc fingers of human poly(ADP-ribose) polymerase are differentially required
for the recognition of DNA breaks and nicks and the consequent enzyme
activation. Other structures recognize intact DNA. J Biol Chem 265:
21907-21913.

Langelier MF, Servent KM, Rogers EE, Pascal JM (2008) A third zinc-binding
domain of human poly(ADP-ribose) polymerase-1 coordinates DNA-dependent
enzyme activation. J Biol Chem 283: 4105-4114.

Masson M, Niedergang C, Schreiber V, Muller S, Menissier-de Murcia J, et al.
(1998) XRCC1 is specifically associated with poly(ADP-ribose) polymerase and
negatively regulates its activity following DNA damage. Mol Cell Biol 18:
3563-3571.

July 2010 | Volume 8 | Issue 7 | €1000428



