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To mount highly specific and adapted immune responses, B lymphocytes assemble and
diversify their antibody repertoire through mechanisms involving the formation of pro-
grammed DNA damage. Immunoglobulin class switch recombination (CSR) is triggered
by DNA lesions induced by activation-induced cytidine deaminase, which are processed
to double-stranded DNA break (DSB) intermediates. These DSBs activate the cellular DNA
damage response and enroll numerous DNA repair factors, involving poly(ADP-ribose)
polymerases Parp1, Parp2, and Parp3 to promote appropriate DNA repair and efficient
long-range recombination. The macroParp Parp9, which is overexpressed in certain lym-
phomas, has been recently implicated in DSB repair, acting together with Parp1. Here, we
examine the contribution of Parp9 to the resolution of physiological DSBs incurred during
V(D)J recombination and CSR by generating Parp9−/− mice. We find that Parp9-deficient
mice are viable, fertile, and do not show any overt phenotype. Moreover, we find that
Parp9 is dispensable for B-cell development. Finally, we show that CSR and DNA end-
joining are robust in the absence of Parp9, indicating that Parp9 is not essential in vivo
to achieve physiological DSB repair, or that strong compensatory mechanisms exist.
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Introduction

The extraordinary diversity of antibodies produced by B cells relies
on mechanisms involving the generation of programmed DNA
damage. During development, B cells assemble a functional B-cell
receptor (BCR) by rearranging their immunoglobulin (Ig) genes
through V(D)J recombination, which depends on RAG-induced
DNA breaks [1]. In response to pathogens, mature B cells fur-
ther diversify their antibody repertoire through somatic hyper-
mutation (SHM) that modifies antibody affinity for its cognate
antigen [2] and class switch recombination (CSR) that provides
novel antibody effector functions leading to robust antigen clear-
ance [3, 4]. SHM introduces mutations in Ig variable (V) region
genes, whereas CSR is a DNA recombination reaction occurring at
the immunoglobulin heavy chain (IgH) locus that joins two switch
(S) regions, replacing the antibody constant region, thus switching
the isotype (from IgM to IgG, IgA, or IgE) [3, 4].

SHM and CSR are triggered by the enzyme activation-induced
cytidine deaminase (AID), which converts cytosines into uracils
in single-stranded DNA substrates exposed by transcription [5–7].
Processing of the resulting dU:dG mismatches by hijacked base
excision repair and mismatch repair machineries propagates AID-
induced DNA lesions to give rise to mutations in V regions and
double-stranded DNA breaks (DSBs) in S regions during SHM and
CSR, respectively [2, 3, 5]. AID-induced DSBs activate the cel-
lular DNA damage response (DDR) and engage numerous DNA
repair factors, notably the poly(ADP-ribose) polymerases Parp1
[8], Parp2 [8], Parp3 [9], and APLF [10] to foster productive long-
range recombination and legitimate DNA repair. These breaks are
finally joined and repaired using classical and alternative nonho-
mologous end joining (NHEJ) [11]. However, precise signaling
cascades are still not fully elucidated. Despite its crucial role dur-
ing humoral responses, AID represents a threat for B-cell genome
stability [12]. Improper processing of AID-mediated DSBs can give
rise to chromosomal instability that might result in carcinogene-
sis. Indeed, translocations implicating S regions are often found in
Burkitt’s lymphoma, diffuse large B-cell lymphoma (DLBCL), and
multiple myeloma [13, 14]. Although recent studies have begun
to unravel the molecular processes underlying AID activity fine-
tuning, the specific mechanisms that B cells have evolved to protect
genome integrity during Ig diversification are still unclear [12].

Poly(ADP-ribose) polymerases (Parp) use NAD+ to catalyze
the covalent attachment and the polymerization of ADP-ribose
units on acceptor proteins. The resulting linear or multibranched
polymer of ADP-ribose (PAR) is an immediate and transient post-
translational modification regulating various cellular processes as
chromatin remodeling, transcription, and DNA repair [15–17].
We have formerly shown the critical involvement of poly-ADP-
ribosylation (PARylation) signaling during CSR in response to
AID-induced DSBs. Indeed, Parp1 favors DNA repair through a
microhomology-mediated pathway during CSR, Parp2 behaves
as a strong translocation suppressor and protects the IgH locus
against illegitimate interchromosomal recombinations [8]. Parp3
provides another layer of protection by controlling the level of AID
present at S regions during CSR thereby restricting the extent of

AID-induced DNA damage within the IgH locus. In addition, Parp3
facilitates the proper long-range repair of AID-induced breaks and
thus enforces the maintenance of genome integrity [9].

Among the 17 members Parp family, the macroParp subfam-
ily comprising Parp9, Parp14, and Parp15 combines the Parp
domain with one to three macrodomains [18, 19]. Macrodomains,
by binding (and for some also hydrolyzing) mono- or poly-ADP-
ribosylated proteins, act as sensors and readers (and eventually
erasers) modules for ADP-ribosylation in vivo [20–24]. Despite
lacking both ADP-ribosylation and erasing activities, Parp9, also
known as B-aggressive lymphoma 1 protein (BAL1), actively con-
tributes to the PARylation signaling in the DDR [25–27]. In a
complex with Deltex 3-like (Dtx3l) also known as B-lymphoma
and BAL-associated protein (BBAP), an E3 ubiquitin ligase that
ubiquitylates histone H4 at the site of damage, Parp9 regulates
the early recruitment of 53BP1 to repair foci, in a Parp1- and PAR-
dependent manner [25–27]. Thus, Parp9 as a sensor of Parp1-
mediated PARylation would promote an early wave of ubiquityla-
tion at DNA damage site independently of ATM-MDC1-H2AX and
RNF8 pathway [26, 27]. According to this model, Parp9 protects
cells against DNA damaging agents [27].

Interestingly, Parp9 was originally identified as a potential risk-
related gene product in DLBCL [19]. Parp9 and Dtx3l are both
overexpressed in aggressive treatment-resistant high-risk subtypes
of DLBCL, which display a high but inefficient IFN-γ-mediated
host inflammatory response [28]. In early studies, Parp9 over-
expression was suggested to stimulate lymphocyte migration in
vitro [19]. More recently, Parp9 was shown to be involved in the
regulation of the expression of IFN-γ signaling related genes in
DLBCL [28] and in other models [29]. Thus, Parp9 could act as an
oncogenic survival factor by repressing the antiproliferative and
proapoptotic IFN-γ-STAT1-IRF1-p53 axis in DLBCL [30]. Coop-
eration among macroParps was also recently hypothesized to be
responsible for the chemo-resistant phenotype acquired in DLBCL.
Notably, physical and functional interactions between Parp9 and
Parp14 have been revealed [31, 32]. Parp14 was evidenced to reg-
ulate survival signal transduction in B cells [33] and to be involved
in lymphomagenesis [34]. In addition, Parp14 influences B-cell
homeostasis and antibody responses to specific isotypes [33, 35].

Although these findings have contributed to elucidate the
pathological implication of Parp9 in lymphoma, the physiological
role of Parp9 and other macroParps remains largely unknown.
Here, we aim at deciphering whether Parp9 could contribute to B-
cell development and antigen-driven diversification mechanisms.

Results

Generation of a Parp9-deficient mouse model

To investigate the physiological function of Parp9 in vivo, we gen-
erated a Parp9−/− mouse model. The Parp9 gene consists of 11
exons spanning approximately 35 kb on chromosome 16 (Fig. 1).
Alternative splicing in exon 3 can give rise to short (S) or longer
(L) isoforms of the protein, which differ by 36 amino acids located

C© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu



Eur. J. Immunol. 2017. 47: 665–676 Molecular immunology and signaling 667

E4/E5 141

142

127

1011 (L)
903 (S)

89 (S)

1086 (L)
978 (S)

124 (S)

Parp9
+/+ -/-

bp

E8/E9

E2/E5

Dtx3l

E3/E5

A

Parp9
+/-  +/+  -/-

656
1678

bp

B

C

D Parp9
+/+  -/-  +/+  -/-

@Parp9

@β-actin

@AID

43

22

92

kDa

Total

Parp9+/+

Parp9+/-

Parp9-/-

Offspring
genotype

Observed
(%)

All Males Females

Expected
(%)

25

50

25

100

Observed
(%)

28.8

50.4

20.8

100

Mice
number

79

138

57

274

Observed
(%)

30.5

52.5

17

100

Mice
number

43

74

24

141

27.1

48.1

24.8

100

Mice
number

36

64

33

133

E

Parp9 mRNA

(i) Parp9 protein

(iii) Targeting vector

(ii) Wild-type allele 
(+)

(iv) Targeted allele 
(Neo)

(v) Knockout allele 
(-)

Dtx3l mRNA

loxP site

FRT site
PCR primers

Macro1 PARPMacro2

1   2   3S/L    4          5     6     7       8     9  10 11  

E2 E3  A  E4  B      E5                    E8    E9  

Neo

A    B     

8.3 kb

Neo

3.1 kb 1.1 kb 4.1 kb

Figure 1. Generation and validation of Parp9−/− mouse model. (A) Schematic representation of (i) Parp9 protein, its functional domains, and
Parp9 mRNA. Dtx3l gene is located immediately upstream of Parp9 gene, in an opposite orientation, sharing the same promoter sequences. Boxes
indicate exons, with black boxes representing coding exons. Hatches indicate targeted sequences. (ii) The WT allele (+) for mouse Parp9 gene and
the localization of primers for genotyping and RT-PCR are depicted. Alternative splicing of exon 3 gives rise to short (S) or long (L) transcripts.
The targeting vector (iii) harbors the sequences of the targeted exon (exon 4) flanked by loxP sites (arrows), the neomycin resistance cassette
(Neo) flanked by FRT sites (black dots) and the 5’ and 3’ homology arms. (iv) The structure of the targeted allele (Neo) with the integration of the
neomycin gene and loxP sites flanking the exon 4 in Parp9 locus is shown. (v) The deleted allele (−) produced by Cre recombination of loxP sites
flanking Parp9 exon 4 and the locations of genotyping primers are shown. (B) PCR amplification from mouse tail genomic DNA prepared from WT
(+/+), heterozygote (+/−), and Parp9-deficient (−/−) mice using genotyping primers A and B. Sizes of bands are indicated in base pairs (bp). (C)
RT-PCR analysis of Parp9 and Dtx3l transcripts on total RNA extracted from Parp9+/+ and Parp9−/− splenic B lymphocytes, stimulated for 72 h with
LPS and IFN-γ using different primer pairs depicted in (A). Genotypes and sizes of bands in base pairs (bp) are indicated. (D) Western blot analysis
for Parp9, AID, and β-actin protein expression levels in WT and Parp9-deficient B lymphocytes stimulated with LPS and IFN-γ for 72 h. β-Actin is
used as loading control. Theoretical molecular weights in kilodaltons (kDa) are indicated. (E) Expected and observed Mendelian frequencies and
the number of born offspring with the indicated genotypes from breedings with Parp9+/− mice are shown.
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before the first macrodomain [19]. The Parp9 gene is located next
to Dtx3l, a gene encoding for an E3 ubiquitin ligase functionally
related to Parp9 and that uses the same promoter and regulatory
elements [28]. We chose to delete exon 4 resulting in a frame shift
introducing a STOP codon in the beginning of exon 5, interrupting
Parp9 sequence after the first 16 amino acids of Parp9(S) and 52
amino acids of Parp9(L) (Fig. 1). Correct targeting was verified
by Southern blot (data not shown) and targeted ES cell clones
were used to generate chimeric mice. Parp9 deletion was verified
by PCR (Fig. 1B), RT-PCR (Fig. 1C), and western blot (Fig. 1D).
No shorter forms of Parp9 were detected with a polyclonal anti-
Parp9 antibody raised against residues 597–789, indicating that
no translational restart occurs downstream of the deleted exon 4
(Fig. 1D). Parp9−/− mice were born at the expected Mendelian fre-
quency, with a slight decrease in the frequency of male Parp9−/−

mice when compared to the expected frequency (17 vs. 25%;
Fig. 1E). In addition, Parp9−/− mice are fertile (data not shown),
survived into adulthood without any obvious health and/or behav-
ior abnormalities, and did not show signs of premature ageing or
death (data not shown). Overall, we conclude that Parp9 is not
required for embryonic development, viability, and is largely dis-
pensable for gametogenesis.

Robust B-cell development in the absence of Parp9

As Parp9 and Dtx3l are mainly expressed in lymphoid organs dur-
ing embryogenesis [36], given the overexpression of Parp9 and
other macroParps in DLBCL [18, 19, 28], and Parp14 role in
B cells [33–35], we wondered whether Parp9 is involved in
B-cell development. Therefore, we assessed the proportion of
B-cell subsets in the bone marrow (BM) and spleen of Parp9-
deficient mice. Total cellularity of the BM and spleen was not
affected by Parp9-deficiency (Fig. 2A and B). In addition, we found
that the frequencies of pro- and pre-B cells, immature and mature
recirculating B cells in the BM were similar between Parp9−/−

and Parp9+/+ mice. Same results were obtained by examining the
different B-cell fractions A to F corresponding to each stage of
B-cell differentiation in the BM (Fig. 2A). Progression through the
different developmental stages strictly depends on preBCR and
then on BCR expression on the surface of developing B cells and
therefore on successful V(D)J recombination [37]. Importantly,
no accumulation of cells at early developmental stages could
be evidenced, showing that Parp9-deficiency does not lead to a
block in B-cell differentiation and therefore, Parp9 is not required
for V(D)J recombination. Analysis of splenic B-cell populations
did not reveal abnormalities in Parp9-deficient mice compared to
Parp9+/+ mice (Fig. 2B). Only the proportions of marginal zone
and follicular B cells were slightly altered, with a small but signifi-
cant decrease of follicular B-cell frequency in Parp9-deficient mice,
associated with an increase in marginal zone B-cell frequency (Fig.
2B). Altogether, these results show that Parp9 is neither required
for early B-cell development in the BM nor for further maturation
and maintenance in periphery. We conclude that Parp9 is dispens-
able for BCR assembly through V(D)J recombination. Moreover,

these data rule out a role for Parp9 in controlling the transcrip-
tional program driving B-cell differentiation.

Efficient CSR in the absence of Parp9

As Parp9 deficiency allows the generation of a mature
B-lymphocyte pool, we then investigated whether Parp9 plays a
role in CSR. For this purpose, we analyzed the intrinsic ability
of Parp9-deficient B cells to undergo CSR ex vivo. We purified
mature resting splenic B cells from WT and Parp9−/− animals,
we labeled them with CFSE to follow proliferation before cultur-
ing them under stimulation conditions known to induce CSR to
the various isotypes. After 72 h in culture, we analyzed cells by
flow cytometry for proliferation (CFSE dye dilution) and surface
expression of the different antibody isotypes (Fig. 3). Upon LPS
and IL-4 stimulation, we observed a robust CSR to IgG1 in con-
trol cells, while a slight decrease in CSR efficiency could be found
in mutant B cells (Fig. 3A and B). However, CSR to other iso-
types did not reveal any difference in recombination efficiency
between Parp9-deficient B cells and controls (Fig. 3A and B).
Moreover, germline transcripts at the donor and acceptor switch
regions, and AID mRNA levels did not show decreased expres-
sion in Parp9-deficient B cells, regardless of the stimulation con-
ditions (Supporting Information Fig. 1). Together, this suggests
that Parp9 is not required for the general mechanisms of CSR. In
line with these results, Parp9-deficient mice displayed steady-state
levels of serum immunoglobulins comparable to WT mice (Sup-
porting Information Fig. 2). Furthermore, the antibody response
to a T-dependent antigen was as robust in Parp9−/− mice as in con-
trol mice, as shown by similar antigen-specific antibody titers after
trinitro-phenyl-keyhole limpet hemocyanin (TNP-KLH) immuniza-
tion, suggesting efficient germinal center formation and functions
(Fig. 3C). Collectively, this reveals that Parp9 has no essential
intrinsic or extrinsic functions in the regulation of CSR.

Parp9-deficient B cells proliferate normally

Previous studies implicated Parp9 in the control of proliferation
and survival of transformed cells [30, 31]. To assess whether Parp9
is also involved in the control of proliferation in noncancerous
cells, we investigated the proliferation of cells derived from mutant
animals in culture by analyzing CFSE dye dilution by flow cytom-
etry. We did not observe any differences in the number of cell
divisions, nor in the cell number within each division between
Parp9−/− and WT cells in the different stimulation conditions
tested (Fig. 3A and D). Importantly, Parp9-deficient cells stim-
ulated with LPS and IFN-γ did not show reduced proliferation.
Additionally, we did not detect any effect of Parp9-deficiency on
the frequency of live cells, as assessed by Topro-3 staining, sug-
gesting that the absence of Parp9 does not control apoptosis in
this context (Fig. 3E). Together, these data suggest that Parp9
pro-proliferative and prosurvival functions are restricted to malig-
nant cells.
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Figure 2. Parp9-deficiency does not affect B-cell development. (A, B) Cellularity and flow cytometry analysis of B-cell populations (A) in the BM
or (B) in the spleen from Parp9+/+ and Parp9−/− mice, using the indicated cell surface markers. Left panels show representative flow cytometry
plots. For each population, name and percentage of cells within the gates are indicated. Plots are gated on total lymphocytes and further gating
is indicated on the left of the plot. (A) In the BM, upper plots show pro- and pre-B (B220lowIgM−), immature (imm.) (B220lowIgM+) and mature
(mat.) recirculating (B220highIgM+) B cells. Bottom plots show A–C’ (B220+CD43+), D and E (B220+CD43−), and F (B220highCD43−) corresponding
B-cell fractions. (B) In the spleen, plots show total B cells (B220+CD19+), immature transitional (B220+CD93+), and mature (B220+CD93−) B cells.
Immature cells (B220+CD93+) can be subdivided into transitional T1 (IgM+CD23−), transitional T2 (IgM+CD23+), and transitional T3 (IgMlowCD23+) B
cells. Mature (B220+CD93−) can be subdivided into marginal zone (MZ) (CD21+CD23low) and follicular (FO) (CD21lowCD23+) B cells. In middle panels,
bar graphs represent the mean frequency ± SD for each population of the BM (A) and of the spleen (B). On right, absolute cell numbers (mean ±
SD) in the BM (one femur) (A) or in the spleen (B) are shown. These data are pooled from four independent experiments, with 12 Parp9+/+ mice
(black) and 17 Parp9−/− mice (white). Significant differences in mutants relative to Parp9+/+ controls were determined by a two-tailed Student’s
t-test. *p-value < 0.05.
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Figure 3. Efficient class switch recombination and proliferation in the absence of Parp9. (A) Surface expression of IgG1, IgG3, IgG2a, and CFSE
dilution analyzed by flow cytometry in WT and Parp9−/− B lymphocytes, stimulated for 72 h with either LPS + IL-4 (CSR to IgG1) or LPS (CSR to IgG3)
or LPS + IFN-γ (CSR to IgG2a). The percentage of switched cells is indicated. Data are representative of five independent experiments. (B) Percentage
of CSR in Parp9−/− B cells (white) relative to WT B cells (black) for the different isotypes tested. In each experiment, the CSR efficiency value from
each sample was normalized to the average of the CSR value from WT cells. Data are pooled from five independent experiments. Each diamond
corresponds to cultures from individual mice. Horizontal lines indicate mean values. p-values were determined using two-tailed Student’s t-test.
(C) TNP-specific antibody response in Parp9−/− mice (white) relative to WT animals (black). Isotype-specific responses were measured by ELISA
on day 14 in the serum from TNP-KLH immunized mice. Each diamond represents an individual mouse. Horizontal lines indicate mean values.
Statistical analysis was performed using two-tailed Student’s t-test. (D) Cell division measured by flow cytometry analysis of CFSE dye dilution
in WT (black) and Parp9−/− (white) B lymphocytes stimulated for 72 h with the indicated conditions. (E) Cell viability assessed by flow cytometry
analysis of Topro-3negative cells in Parp9−/− B cells (white) relative to WT B cells (black), stimulated for 72 h with the indicated conditions. (F)
Percentage of CSR in Parp9−/− B cells (white) relative to WT B cells (black) upon treatment with 100 or 250 nM of Parp inhibitor KU0058684. Cells
were stimulated for 72 h with LPS + IL-4 and CSR efficiency was assessed as in (A). In each experiment, the CSR efficiency value from each sample
was normalized to the average of the CSR value from nontreated stimulated WT cells. Data are pooled from three independent experiments.
p-values were determined using two-tailed Student’s t-test. * p-value < 0.05.
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DNA damage dependent Parps do not compensate for
Parp9 loss of function

Given the Parp1-dependent localization of Parp9 at DNA dam-
age sites [27], DNA damage-dependent Parps (Parp1, Parp2, and
Parp3) are likely to cooperate with Parp9 and eventually com-
pensate for Parp9 loss of function during the DDR. To test this
hypothesis, we analyzed the effect of pharmacological inhibition
of Parp activity in the Parp9-deficient background on the effi-
ciency of CSR. For this, we stimulated WT and Parp9−/− B cells
with LPS and IL-4 in the presence or absence of the Parp inhibitor
KU0058684, at concentrations reported to inhibit in vivo at least
Parp1 and Parp2 and most likely Parp3 activity [38]. Treatment of
B cells with this inhibitor had no effect on CSR efficiency, prolifer-
ation, and viability as previously shown (Fig. 3F) [8]. Moreover,
no alteration in CSR efficiency could be detected in Parp9−/− cells
in presence of the Parp inhibitor. These data show no additional
effect when Parp9 gene inactivation is combined with Parp activity
inhibition and suggest that the DNA damage-dependent Parps do
not compensate for Parp9 loss of function during CSR.

Robust end joining in Parp9−/− B cells during CSR

As the recruitment of Parp9 to DNA damage foci is dependent on
Parp1 and on PARylation [27] and as we have implicated Parp1,
Parp2, and Parp3 in CSR [8, 9], we hypothesized that Parp9 could
be involved in the resolution phase of the CSR in cooperation
with Parp1. Switch regions are joined by both classical and alter-
native NHEJ pathways and junctions are characterized by small
insertions and short regions of microhomology. Inactivation of
core NHEJ factors such as XRCC4 or DNA-ligase IV leads to an
absence of blunt joining associated with a significant increased
usage of microhomology at the junctions [39–41]. Conversely, we
have previously shown that switch junctions in Parp1−/− B cells
show a bias toward no microhomology and implicated Parp1 as
part of alternative end-joining mechanism to resolve AID-induced
breaks [8]. To delineate the pathway that catalyzes CSR in the
absence of Parp9, we amplified and sequenced the Sμ-Sγ1 and
Sμ-Sγ3 switch junctions from Parp9−/− and Parp9+/+ B cells. We
did not find significant differences in the proportion of blunt join-
ing or microhomology-mediated joining in Parp9−/− B cells com-
pared to Parp9+/+ B cells, for both Sμ-Sγ1 (Fig. 4A) and Sμ-Sγ3
(Fig. 4B) switch junctions. Consistent with this, the mean length
of overlap at the junction in the absence of Parp9 was not sig-
nificantly altered compared to Parp9+/+ B cells (Fig. 4A and B).
Nevertheless, we noticed a tendency toward an increase in the
usage of microhomology and a decreased blunt joining for the
Sμ-Sγ3 junctions, arguing for a slight alteration of the classical
NHEJ in Parp9-deficient B cells (Fig. 4B). This trend, however,
did not reach significance. Overall, these data show that the repair
pathways operating during CSR are not qualitatively altered in the
absence of Parp9. We concluded that a robust end-joining mech-
anism is functioning in the absence of Parp9.

Overall, our results reveal that Parp9 is largely dispensable for
embryogenesis, gametogenesis, and viability. Moreover, Parp9-
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Figure 4. Robust end-joining in Parp9−/− B cells during CSR. Length
of microhomologies in base pairs (bp) at Sμ-Sγ1 (A) and Sμ-Sγ3 (B)
switch junctions obtained from WT (black) and Parp9−/− (white) B cells,
stimulated with LPS + IL-4 and LPS, respectively. The percentage of
switch junction sequences with indicated microhomology is shown.
Overlap (OL) was determined by identifying the longest region at the
switch junction with perfect uninterrupted donor/acceptor homology.
Sequences with insertions at the junction were not included in the
calculation. n indicates the number of junctions analyzed.

deficiency has no effect on B-cell development, showing that Parp9
is not a core factor of classical NHEJ. Finally, efficient CSR and
robust DNA end joining do not require Parp9, implying that the
Parp1-Parp9-dependent axis is nonessential in vivo to achieve
physiological DSB repair and suggesting that strong compensatory
mechanisms exist.

Discussion

Since the discovery of Parp9 overexpression in certain cases of
DLBCL [18, 19, 25, 28], Parp9 is proposed to cause proliferation,
survival, and chemo-resistance in DLBCL [30]. Moreover, recent
advances also suggest a broader implication of Parp9 in oncogen-
esis [31]. However, the physiological functions of Parp9 are still
poorly understood. We sought to further understand the physio-
logical function of Parp9 by establishing a deficient mouse model.

Concerning a potential role of Parp9 in the DDR and in DSB
repair in vivo, we found that Parp9 is dispensable for V(D)J
recombination, as B-cell differentiation proceeds normally with-
out Parp9. This unequivocally rules out the possibility that Parp9
could be a core factor of the classical NHEJ pathway, as V(D)J
recombination is strictly dependent on the classical NHEJ to repair
RAG-induced DSBs in developing lymphocytes. Similarly, no obvi-
ous role for Parp9 could be evidenced in influencing antibody
responses or during CSR reaction per se, as we did not find alter-
ations in antibody titers upon T-dependent antigen immunization
or in CSR efficiency for the different isotypes in the absence of
Parp9. Moreover, these results suggest that Parp9 is not essential
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for germinal center formation, plasma B-cell differentiation and
antibody secretion. Upon B-cell ex vivo stimulation, only CSR to
IgG1 showed a minor but significant reduction in the frequency of
switched cells in the mutant cells. The stimulation to IgG1 (LPS +
IL-4) constitutes the most efficient condition in our hands, and it is
possible that the stimulation conditions used to induce switching
to IgG3, IgG2b, or IgG2a (less than 5% of CSR efficiency) are not
robust enough to identify a mild defect.

Additionally, our results do not exclude the possibility of Parp9
engagement during CSR, and its implication could be underesti-
mated in our assays. Parp9 recruitment and retention at damage
sites has been shown to be very fast and extremely short-lived [27],
implicating Parp9 and Dtx3l in the very early stages of the DDR.
Therefore, it is possible that putative early defects in the DDR aris-
ing from Parp9 deficiency might be compensated within the time
frame needed for CSR assay (72 h), albeit continuous DSB gener-
ation during CSR. For instance, Parp1-deficient cells still showed
normal CSR levels, but altered switch junctions [8]. Similarly,
in the case of APLF deficiency, no quantitative defect in CSR is
observed in spite of qualitative alterations in the repair path-
way used to mediate switch junction rejoining, suggesting that
microhomology-mediated joining can compensate for the altered
classical NHEJ and maintain CSR at WT levels [10]. Moreover,
this happens in spite of the potential kinetic disadvantage of alter-
native NHEJ relative to classical NHEJ [41–44]. However, in these
cases, despite no quantitative alterations in CSR efficiency, clear
changes in the way Parp1- or APLF-deficient B cells repair AID-
induced DSB were evidenced [8, 10].

Parp9 and Dtx3l are proposed to mediate ubiquitylation of
histone H4K91, thereby increasing H4K20 methylation and thus
favoring 53BP1 recruitment at breaks [26, 27]. This pathway
would operate very early during the DDR, but is independent
of the recruitment of ATM, MDC1, RNF8, or H2AX phosphoryla-
tion at the damaged sites. Later accumulation or retention of DDR
factors as 53BP1 at damage sites would depend on another path-
way relying on γH2AX- and RNF8-RNF168-mediated ubiquityla-
tion [45, 46]. As 53BP1-deficiency is known to almost completely
abrogate recombination mechanisms [47, 48], it is unlikely that
the Parp9-mediated pathway of 53BP1 recruitment at DSBs plays
a prominent role in vivo during CSR. In line with this, switch junc-
tions from Parp9−/− B cells did neither reveal a significant bias to
classical or alternative end-joining pathways nor special features,
unlike junctions obtained from the few 53BP1−/− B cells able to
undergo productive CSR events that showed unusually high fre-
quency of intraswitch recombination and insertions [47]. More-
over, deficiencies in H2AX, RNF8, or RNF168, or the cohesin com-
plex leading to reduced 53BP1 recruitment cause decreased CSR
efficiency often accompanied with a bias in repair pathways at the
junctions [49–54], suggesting that these different factors indeed
contribute to the main route of 53BP1 recruitment. Altogether,
this suggests that the Parp9-Dtx3l axis is largely dispensable in
B lymphocytes undergoing CSR and might be compensated by
γH2AX- and RNF8-RNF168-dependent pathways to recruit 53BP1
at AID-induced DSBs.

Yan et al. revealed that Parp9 recruitment to DNA breaks is
dependent on Parp1 and PARylation [27]. Our earlier findings
showed Parp1 as promoting a repair pathway based on micro-
homology during CSR, thereby identifying the first actor of the
alternative end joining in response to AID-induced DSBs [8]. Cur-
rently, the mechanisms and cofactors involved in the alternative
end joining are still not fully identified [55]. This prompted us
to investigate whether Parp9 could mediate Parp1 function and
facilitate alternative end joining during CSR. However, Parp9−/−

junctions did not resemble those derived from Parp1−/− B lympho-
cytes [8] or from WT B cells treated with Parp inhibitor (unpub-
lished results), showing that Parp9 is not required for the alter-
native end joining during CSR. Importantly, this also reveals that
Parp9 is not essential to mediate Parp1 response and its role in
promoting the alternative end joining during CSR.

A role for Parp9 as transcription factor or cofactor could
explain the IgG1 isotype-specific defects that we observe in CSR.
Indeed, isotype-specific switching is achieved by the selective tran-
scriptional activation at the different constant region promoters
in response to cytokines and costimulatory signals [3, 4]. In line
with this hypothesis, Parp14, as a coactivator of the IL-4-induced
transcription factor Stat6, regulates IgE antibody responses in a
B-cell-intrinsic mechanism [35]. Parp9 was originally found to
modulate transcription through its macrodomains [18]. Upregu-
lated by IFN-γ, Parp9 was also shown to induce IFN-γ-responsive
genes in a B-lymphoma cell line [28]. However, we did not
observe specific defects in CSR to IgG2a, which is the isotype
dependent on the IFN-γ signaling cascade. Moreover, we did
not find specific transcriptional deregulation at the donor and
acceptor switch regions during CSR, or in AID mRNA expression
for the different stimulations ruling out isotype-specific effect
on transcription by Parp9-deficiency. Similarly, our data on the
development and differentiation of B cells in the absence of Parp9
exclude a role for Parp9 in controlling the transcriptional program
driving B-cell differentiation.

The very mild phenotype observed in Parp9-deficient B cells
could be due to strong compensatory pathways leading to func-
tional redundancy. Indeed, Parp9-mediated recruitment of 53BP1
appears to be largely compensated by other DDR signaling cas-
cades in vivo in response to physiological DSBs. We ruled out
that the DNA damage dependent Parps could have redundant
functions with Parp9. We cannot exclude, however, a structural
role for Parp1, Parp2, or Parp3, beyond their catalytic activity.
As a PAR reader, Parp9 could also be largely compensated by
other macroParps, and especially by Parp14 in mice, as Parp15 is
absent in rodents [56]. Interestingly, Parp14 regulates B-cell func-
tions [33–35]. Moreover, Parp9, Parp14, and Dtx3l have recently
been evidenced to form complexes with each other, and to func-
tionally interact in order to mediate proliferation and survival of
cancer prostate cells [31].

It is also possible that Parp9 could have specific roles in
innate immunity rather than in the adaptive immune responses.
Strikingly, Parp9 expression is known to be triggered by IFN-γ
through direct transcriptional activation mediated by IRF1 and
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STAT1 [28]. IFN-γ is considered as a crucial mediator of innate
immunity against viruses [57]. Moreover, Parp9 macrodomains, as
well as those of Parp14 and Parp15, bear signs of rapid evolution
with a strong signature of recurrent positive selection, suggesting
a coevolution of the domain to adapt to rapidly evolving virus pro-
teins [58]. In line with this, very recent data indicate that Parp9 in
complex with Dtx3l acts on viral 3C proteases thereby controlling
viral infection [29].

Material and methods

Mice

The Parp9-deficient mouse line was established at the Institut
Clinique de la Souris, Illkirch, France. The targeting vector was
constructed by PCR and traditional cloning. The linearized con-
struct was electroporated in 129S2/SvPas mouse ES cells. After
selection, targeted clones were identified by PCR using external
primers and further confirmed by Southern blot. Three positive
ES clones were injected into C57BL/6J blastocysts, and derived
male chimaeras gave germline transmission. Mice homozygous
for the floxed Parp9 allele were crossed with CMV-Cre transgenic
mice [59], producing Parp9+/− offspring. Mice were genotyped by
PCR using REDExtract-N-Amp Tissue PCR Kit (Sigma) and primers
A and B. Parp9−/− mice were backcrossed for at least 10 genera-
tions with C57BL/6 WT mice, bred and maintained under specific
pathogen-free conditions. Mice 8- to 12-week-old were used in
all experiments. All animal work was performed under protocols
approved by the Direction des Services Vétérinaires du Bas-Rhin,
France (Authorization N° 67–343).

PCR, RT-PCR, and RT-qPCR

Genomic DNA, RNA, and cDNA were prepared using standard
techniques. PCR was performed on cDNA samples using Q5 poly-
merase (NEB). qPCR was performed as described [9]. See Sup-
porting Information Table 1 for primers.

Western blot analysis

Proteins were fractionated by SDS-PAGE on 4–12% gradient gels
(Invitrogen), transferred to Immobilon PVDF membranes (Milli-
pore) and analyzed by western blot. See Supporting Information
Table 2 for antibodies used.

Cell culture and flow cytometry

For phenotypic analysis, BM was recovered from one femur by
bone crushing. Splenocytes were recovered by smashing spleen in
a 70 μm cell strainer in PBS. Spleen and BM single-cell suspen-

sions were used for antibody staining after red blood cells lysis
using ACK buffer. Flow cytometry was performed on a LSRII (BD
Biosciences). CSR assays were performed as described [60].

Switch junction analysis

Sμ-Sγ3 and Sμ-Sγ1 switch junctions were amplified using previ-
ously described primers [52, 61, 62] and analyzed as in [9].

T-dependent antibody response

Mice were immunized intraperitoneally with 100 μg/mouse of
trinitro-phenyl-keyhole limpet hemocyanin (Biosearch Technolo-
gies) in Sigma Adjuvant System (Sigma-Aldrich). TNP-specific Igs
were quantified by ELISA in the serum collected 14 days after
immunization.

ELISA

Ninety-six-well plates were coated with isotype-specific antibod-
ies to determine basal Ig levels in the sera of 6 months old naive
mice, or with TNP-BSA (Biosearch Technologies) to determine
TNP-specific Igs from immunized mice sera. Dilutions of mouse
serum were incubated overnight at 4°C. Biotinylated isotype-
specific antibodies were added for 1 h at room temperature. Plates
were revealed using streptavidin-horseradish peroxidase (Dako)
and 3,3′,5,5′-tetramethylbenzidine (Sigma-Aldrich).
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