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The ability of B lymphocytes to diversify immunoglobulin (Ig) genes is central to the generation of high-affinity,
class-switched antibodies and the establishment of effective humoral immunity. This diversification is achieved
through three DNA remodeling processes that occur at defined stages of B cell development and maturation: V(D)
J recombination, somatic hypermutation (SHM), and class switch recombination (CSR). These reactions all rely
on the induction of programmed DNA lesions at Ig genes and their productive resolution by ubiquitous DNA
repair pathways. However, such physiological sources of genotoxic stress render B cells vulnerable to genome
instability, including mutations and chromosomal translocations that drive malignancies. Therefore, B cells have
evolved complex regulatory networks that ensure efficient Ig gene diversification while minimizing the risk of
unproductive or deleterious repair outcomes. In this review, we integrate foundational studies with recent
mechanistic advances to outline how B cells exploit, coordinate, and constrain DNA repair to balance immune

receptor diversification with the preservation of genome integrity.

1. Antibody gene diversification during B cell development and
maturation

The establishment of effective immune responses against foreign
antigens relies on the generation of highly specific antibodies that
neutralize, opsonize, and/or facilitate the clearance of these threats [1,
2]. This branch of the adaptive immune system is referred to as humoral
immunity. Defects in the molecular and cellular processes underlying
humoral responses lead to increased susceptibility to infections, im-
munodeficiencies, and autoimmune conditions, as well as lymphopro-
liferative disorders and poor vaccine responses [3,4].

Because of their ability to produce and diversify the antibody
repertoire, B lymphocytes are the primary mediators of humoral im-
munity [1,2]. Antibodies represent the secreted forms of immunoglob-
ulins (Ig) and are composed of two identical Ig heavy and light chains,
which together form a variable domain, responsible for the antigen
specificity, and a constant domain, which defines the antibody’s effector
function (Fig. 1A). The Ig chains are expressed from distinct loci in the B
cell genome (Ig heavy, IgH/h, and light, IgL/I) (Fig. 1B), and both the
generation and refinement of the antibody repertoire occur via Ig loci
diversification reactions that are tightly linked to key developmental

and maturation stages of the B cell lineage [5] (Figs. 1B and 2).

B lymphocytes originate in the bone marrow via a sequence of
developmental steps, the progression of which relies on the proper as-
sembly of the membrane-bound form of the Igs, the B cell receptor (BCR)
[6] (Figs. 1A and 2). For successful development, the BCR must not only
be correctly expressed on the cell surface but also capable of trans-
mitting signals effectively. Developing B lymphocytes whose receptors
fail to generate adequate activation signals are unable to progress
further along the developmental trajectory [7,8]. During the initial
pro-B cell stage, the gene encoding for the variable region of the heavy
chain locus is assembled through stepwise rearrangements of first, a
diversity (D) with a joining (J) gene segment, followed by a variable (V)
element, from the pools of available segments in the germ-line config-
uration [7,8] (Figs. 1B and 2). This primary Ig diversification reaction,
known as V(D)J recombination, occurs via the developmentally pro-
grammed formation and repair of DNA double-strand breaks (DSBs)
between the recombining gene elements [9] (Fig. 1B). Association of the
newly rearranged heavy chain with the surrogate light chain (SL),
composed of A5 (lambda-5) and VpreB proteins, enables the surface
expression of the pre-B cell receptor (pre-BCR) on pro-B cells [10]
(Fig. 2). As a consequence, pre-BCR-mediated survival and proliferation
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signals promote further B cell development to the subsequent pre-B cell
stage, where the light chain locus undergoes VJ recombination [10]
(Fig. 2). Association of the heavy chain and the recombined light chain
leads to the expression of a mature BCR, which marks the completion of
antigen receptor assembly and enables the cell to exit the bone marrow
as an immature B cell (Fig. 2). These cells pass through transitional
stages in peripheral lymphoid organs, where they complete their
development into naive B cells and remain in a resting state [11] (Fig. 2).

Activation of mature naive B cells typically occurs within secondary
lymphoid tissues, such as lymph nodes or the spleen, in response to
antigen engagement and cognate help from follicular helper T cells [1].
This activation leads to the formation of germinal centers (GCs), which
are specialized microenvironments within B cell follicles where affinity
maturation, isotype switching, and differentiation into effector B cell
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subsets occur [1] (Fig. 2). Within the dark zone of the GCs, B cells
proliferate extensively and undergo somatic hypermutation (SHM) of
their Ig variable region genes at both Igh and Igl loci [12] (Figs. 1B and
2), a process that introduces point mutations at a high frequency and is
essential for generating antibodies with increased affinity for antigens.
Class switch recombination (CSR) occurs mainly at the pre- or early GC
stage and enables B cells to replace the constant domain of the initially
expressed Igh chain isotypes IgM and IgD with those corresponding to
the other classes, IgG, IgE, or IgA, thereby altering the antibody’s
effector function while preserving antigen specificity [1,13] (Figs. 1B
and 2). Analogously to V(D)J Recombination, CSR occurs via the
tightly-regulated formation and repair of DSBs at the Igh locus [14]
(Fig. 1B).

B cells that successfully acquire high-affinity BCRs through SHM are
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Fig. 1. Immunoglobulin gene diversification reactions. A) Schematic representation of an immunoglobulin molecule (left), its membrane-bound form (B cell re-
ceptor, BCR) (middle), and the different secreted isotypes (right). B) The mouse Igh locus shown in its germline configuration (top) and its rearranged states following
V(D)J recombination, CSR, and SHM (bottom). The approximate number of gene segments in Vy, Dy and Jy regions is shown in parentheses.
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positively selected in the light zone of the GCs based on their ability to
bind antigen and receive survival signals from follicular T helper cells
[1]. These positively selected B cells then differentiate into either
antibody-secreting plasma cells or long-lived memory B cells [1]
(Fig. 2). Plasma cells, particularly those that home to the bone marrow,
are responsible for sustained antibody production and long-term sys-
temic protection. Memory B cells, on the other hand, provide rapid and
robust responses upon re-exposure to antigen, often with enhanced af-
finity and isotype diversity due to prior GC experience [1]. Together,
these tightly regulated maturation processes following bone marrow
egress ensure the generation of a highly specific, adaptable, and durable
humoral immune response.

While V(D)J recombination occurs in both B and T lymphocytes, CSR
and SHM are exclusive to B cells and play distinct, yet complementary,
roles in shaping the antibody repertoire. However, the programmed
DNA alterations that these reactions rely upon inherently threaten
genomic stability. Failure to accurately resolve these DNA lesions not
only impairs genome diversification and protective immunity, but can
also result in chromosomal translocations and mutations, which are all
hallmarks of lymphoid malignancies [4]. Therefore, throughout their
development and maturation, B cells endure a uniquely high level of
programmed genotoxic stress, far exceeding that of other somatic cell
types, and must continuously maintain a delicate equilibrium between
enabling antigen receptor diversification while rigorously safeguarding
the genome against oncogenic events. Although the fundamental
mechanisms of receptor gene diversification and humoral immunity are
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conserved across mammalian species, we primarily refer to the mouse
model for gene nomenclature and mechanistic details, given that most
recent insights stem from studies conducted in mice.

2. Keeping V(D)J recombination in check

V(D)J recombination is initiated by the lymphoid-specific recombi-
nation-activating genes RAG1 and RAG2, collectively referred to as
RAG, which introduce site-specific DSBs at recombination signal se-
quences (RSS) flanking the V, (D) and J segments of both the Igl and Igh
loci [15-17] (Fig. 3). RSSs are non-coding DNA elements characterized
by conserved heptamer (7 bp) and nonamer (9 bp) motifs, separated by
a less conserved spacer of either 12 or 23 base pairs, referred to as
12-RSS or 23-RSS, respectively [15-17] (Fig. 3). RAG binding of a
12-RSS and a 23-RSS, a pairing requirement known as the 12/23 rule,
and subsequent cleavage result in two distinct types of DNA ends:
hairpin-sealed coding ends and blunt signal ends. While coding ends are
processed to eventually form coding joints, signal ends are joined
together to produce signal joints [15-17] (Fig. 3). The resolution of both
of these DNA intermediates during V(D)J recombination is primarily
mediated by the DSB repair pathway non-homologous end joining
(NHEJ) [15-17]. The high mobility group box proteins HMGB1 and
HMGB2 are also recruited to facilitate the formation of the paired
complex, thus permitting the subsequent DNA cleavage by the RAG
[18-20] (Fig. 3). Genetic mutations affecting the cleavage, processing,
or joining of coding ends give rise to a range of immunodeficiency

Antigen iy [ ]
. X
encountering

T cell

Activated
B cell

ap Hg
Proliferation

SHM CSR
/ W2
b =—

o 9

g=-]

O,‘f I
Survival % Plasma cell
1)

Apoptosis @
@@ Memory
B cell

Fig. 2. B lymphocyte development is a multistep process tightly linked to antibody gene diversification. Schematic representation of B cell development from
hematopoietic stem cells (HSCs) in the bone marrow to antigen-dependent maturation in secondary lymphoid organs.
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Fig. 3. Mechanisms balancing diversification and genome integrity during V(D)J recombination. Schematic overview of V(D)J recombination highlighting the

mechanisms that promote antibody diversity (pro-diversity), preserve genome integrity (pro-fidelity), or contribute to both.
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syndromes collectively classified as severe combined immunodeficiency
(SCID) [21-23].

Although the initiation of DSB formation during V(D)J recombina-
tion requires stringent conditions for site-specific cleavage, including
the presence of canonical RSSs and proper formation of the paired
synaptic complex, RAG can occasionally target and cleave non-canonical
DNA sequences that resemble RSS motifs, termed cryptic RSSs [24,25].
Off-target cleavage events can result in oncogenic rearrangements
[26-30], such as the t(14;18), t(8;14) and t(5;14) chromosomal trans-
locations that drive B cell acute lymphoblastic leukemias/lymphomas
(B-ALL) [31-33].

To enable the assembly of a functional primary BCR repertoire while
safeguarding genomic integrity, V(D)J recombination is regulated by
distinct mechanisms operating at both the pre- and post-cleavage stages.
The pre-break phase is primarily defined by the spatiotemporal control
of RAG expression and activity (extensively reviewed elsewhere: [34,
35]), whereas regulation at the post-cleavage phase is centered on a
complex and multilayered network of DNA repair processes that govern
end stabilization, processing, and joining.

3. From RAG cleavage to repair commitment

V(D)J recombination promotes diversification of antigen receptor
loci at multiple levels, starting with the stochastic assembly of V, D, and
J gene segments. The theoretical number of possible recombination
events far exceeds the number of B cell progenitors, rendering the po-
tential BCR repertoire virtually limitless (Figs. 1B and 3). Although
recent studies have considerably advanced our understanding of the
molecular requirements and features of this stochastic selection process,
evidence suggests that individual antigen receptor loci adopt distinct
mechanisms for chromatin contraction to regulate RAG accessibility to
the respective V, D and J genes [36-43]. An additional layer of diversity
arises from the combinatorial pairing of independently rearranged
heavy and light chains (Fig. 3). Finally, sequence variability within each
recombination event is further increased by the asymmetric processing
of coding ends.

While signal ends are blunt and can be directly ligated, coding ends
are sealed as hairpins and must be opened before ligation [44] (Fig. 3).
The endonuclease ARTEMIS resolves these hairpin structures by intro-
ducing asymmetric nicks that typically generate 3' overhangs of two
nucleotides [45-47]. These overhangs are filled in by DNA polymerases,
resulting in the formation of palindromic (P) nucleotides, which are
short, templated additions at the coding joints. In addition, terminal
deoxynucleotidyl transferase (TdT) catalyzes the template-independent
addition of random nucleotides (N nucleotides) to the 3" hydroxyl
termini (Fig. 3). Together, these processes generate junctional diversity
by introducing unique sequences that are not present in the germline
genome [48,49]. It is thus evident that productive rearrangements
during BCR diversification inherently deviate from conventional prin-
ciples of genome fidelity.

Productive V(D)J recombination is ensured via the formation of the
post-cleavage complex (PCC), in which RAG proteins remain bound to
the cleaved DNA ends [15,50]. The PCC not only stabilizes
RAG-generated DSBs but also ensures an optimal degree of nucleolytic
processing and coordinates their handoff to the NHEJ machinery [15,
50]. Repair of DSBs by NHEJ occurs via direct ligation or minimal end
processing, typically resulting in junctions that are either blunt or
contain 1-4 nucleotides of microhomology [51]. Therefore, although
NHEJ is considered error-prone in the context of ubiquitous DSB repair,
it is specifically harnessed during V(D)J recombination to increase
junctional diversity. Disruption of the core NHEJ components KU70/80,
DNA ligase IV and XRCC4, nearly abrogates V(D)J recombination
[52-58]. The few residual junctions that do form are typically aberrant,
often with extensive deletions, increased microhomology usage, or,
sporadically, long stretches of non-templated nucleotide insertions
[59-62]. These features reflect extensive end-processing and are
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attributed to the activity of the alternative end-joining (A-EJ) pathway
[59-62]. The markedly reduced efficiency of recombination, together
with the SCID phenotype observed in these genetic backgrounds, indi-
cate that A-EJ is insufficient to functionally compensate for the loss of
canonical NHEJ during V(D)J recombination.

The PCC is not only crucial for ensuring Ig gene diversification but
also serves to protect the genome from aberrant recombination events,
with the ataxia-telangiectasia mutated (ATM) protein long recognized as
an essential regulator of PCC stabilization [63]. ATM is a central kinase
in the cellular response to DSBs and its deficiency causes
ataxia-telangiectasia, a disorder marked by genomic instability, lym-
phopenia, and a pronounced predisposition to lymphoid malignancies
[64]. These cancers often harbor chromosomal translocations involving
antigen receptor loci, as loss of ATM function results in aberrant repair
events [63]. Multiple additional DSB repair factors, including XLF, PAXX
and 53BP1, have later been implicated in the stabilization of the PCC,
often with overlapping or redundant functions [15,65-71]. The core
NHEJ components, as well as the C-terminal domain of RAG2, also
function as negative regulators of chromosomal translocations arising
from RAG-induced Ig breaks [59-62,72,73].

Therefore, by strictly coordinating the processing and repair of RAG-
generated DNA ends, the formation, composition and stabilization of the
PCC contribute to the establishment of a locally permissive environment
that facilitates imprecise end joining at antigen receptor loci while
concurrently limiting the risk of aberrant rearrangements.

4. Secondary antibody diversification and its genomic risks

Once the primary BCR repertoire is established through V(D)J
recombination in B cell progenitors, activation of mature B cells in the
periphery triggers SHM and CSR [14]. Both reactions are dependent on
the B cell specific enzyme activation-induced cytidine deaminase (AID),
which converts cytosines to uracils in single-stranded DNA (ssDNA)
[74]. The resulting U:G mismatches initiate DNA modification cascades
that lead to the introduction of mutations in the variable region of Igl
and Igh loci during SHM, and the formation of DSBs and mutations in the
constant region of the Igh locus during CSR [74]. These programmed
DNA lesions are obligate intermediates of Ig diversification processes,
and mutations in Aicda (the AID-encoding gene) are responsible for
primary antibody immunodeficiencies [74].

Although AID preferentially targets Ig genes, it can also induce
damage at off-target loci, including BCL6, PIM1, MYC, and PAX5
[75-77]. This off-target activity can lead to point mutations, trans-
locations, and clustered hypermutation (kataegis), all of which are
associated with the development of mature B cell lymphomas [75-77].
AlID-induced point mutations at non-Ig loci promote lymphomagenesis
by directly altering the coding regions or regulatory elements, primarily
promoters, of proto-oncogenes or tumor suppressors such as BCL6,
PIM1, and PAX5 [78-83]. In parallel, chromosomal translocations
involving AID-induced DSBs can juxtapose powerful enhancers, such as
those at Ig loci, with oncogenes like MYC, leading to their aberrant
activation [84-86]. Kataegis contributes to lymphomagenesis by intro-
ducing dense mutation clusters in regulatory regions or near trans-
location breakpoints, thus compounding the effects of structural
rearrangements. More recently, enhancer hijacking has also been
described in the absence of rearrangements. Specifically, AID-induced
noncoding mutations at promoters embedded in super-enhancer-rich
domains can inactivate promoter function and redirect nearby
enhancer activity, contributing to transcriptional dysregulation and B
cell lymphoma progression [87]. For example, mutations at the tran-
scription start site of PAX5 lead to activation of the adjacent gene
ZCCHC?Y by surrounding enhancers normally associated with PAX5 [87].
This mechanism of enhancer retargeting expands the known conse-
quences of noncoding AID activity at non-Ig loci beyond traditional
promoter mutation and translocation models.

To enable diversification of Ig loci while minimizing the risk of
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deleterious off-target mutations, B lymphocytes have evolved multi-
tiered mechanisms to tightly control AID expression, localization, ac-
tivity and targeting [88], thus strictly regulating the generation of
AID-induced DNA lesions. In parallel, to tolerate the resulting high levels
of DNA damage, activated B cells downregulate the expression of key
DNA damage checkpoint regulators, such as P53, ATR, and CHEK1,
which would otherwise trigger apoptosis [89-91]. These adaptations are
critical for mounting an effective antibody response and reflect a
trade-off between enabling antibody gene diversification and preserving
genome integrity.

5. Mutagenic repair during SHM

The mutation rate in the variable regions of the Ig loci reaches
approximately 107°-107° per base pair per cell division, which is a
million-fold higher than the background mutation rate (10719-107°)
[92,93]. This exceptionally high rate is achieved through the preferen-
tial processing of AID-induced U:G mismatches via three mutagenic
repair branches during SHM [14,92].

Although AID targets the Ig loci in G1, the uracils can persist until S
phase and serve as templates during DNA replication, resulting in
transition mutations (purine-to-purine or pyrimidine-to-pyrimidine)
[14,92]. Specifically, replication across the U:G mismatch leads to the
incorporation of adenine opposite the uracil, generating a C:G to T:A
transition in the newly synthesized DNA strand [14,92] (Fig. 4A).
Alternatively, the presence of uracil can be detected by uracil DNA
glycosylase 2 (UNG2) or MutSa (heterodimer of MSH2 and MSH6), key
DNA repair factors in the base excision repair (BER) and mismatch
repair (MMR) pathways, respectively, generating different mutation
profiles [14,92,94,95] (Fig. 4A).

Both BER and MMR canonically act to prevent the accumulation of
mutations and DNA lesions arising from base modifying agents or errors
during DNA replication, respectively [96,97]. BER primarily recognizes
and repairs small, non-helix-distorting lesions that affect individual
bases, such as those caused by oxidative damage, alkylation and
deamination [96]. During canonical BER, UNG2 activity leads to U
removal and formation of an abasic site, leaving the phosphate and
sugar backbone intact [96]. This step is followed by cleavage of the DNA
backbone by apurinic/apyrimidinic (AP) endonuclease 1 (APE1) and
fill-in synthesis of the abasic site by the high-fidelity DNA polymerase f
(Pol B) (short-patched BER) [96]. Alternatively, BER activity can also
lead to re-synthesis of 2-10 nucleotides downstream of the excised uracil
through the recruitment of the high-fidelity DNA polymerases Pol /8/¢
(long-patched BER) [96]. MMR repairs base mismatches, insertions and
deletions introduced during DNA replication. MutSa recognizes DNA
mismatches and recruits endonucleases that introduce a nick in the DNA
strand containing the mismatch [97]. The nick serves as an entry point
for exonuclease 1 (EXO1), whose 5’ to 3’ exonuclease activity removes a
stretch of nucleotide encompassing the mismatch [97]. The resulting
gap is then refilled by high-fidelity Pold/e, restoring the original DNA
sequence [97].

While the maintenance of genome integrity relies on high-fidelity
BER and MMR, SHM engages non-canonical, error-prone variants of
these pathways to skew repair towards a mutagenic outcome, both at
AlID-targeted cytosines and at nearby nucleotides [14,92]. A key
mechanism facilitating mutagenic repair during SHM is the recruitment
of translesion synthesis (TLS) DNA polymerases [98]. TLS polymerases
differ from their high-fidelity counterparts in that their active sites can
accommodate distorted DNA structures [99,100]. This property enables
them to replicate across DNA lesions, but at the cost of fidelity, thus
considerably increasing the likelihood of introducing mutations [99,
100]. During non-canonical BER, REV1, Poln and Pol0 fill in the abasic
sites generated by UNG2 activity, leading to the formation of both
transition and transversion (purine-to-pyrimidine or
pyrimidine-to-purine) mutations at AID-targeted C/G pairs [14,98,
101-105] (Fig. 4A). Additionally, error-prone MMR fills in the
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EXO1-generated ssDNA gaps via Poln and other TLS polymerases such as
Pol¢ and Poli [14,98,105-107] (Fig. 4A). Moreover, during SHM, the
DNA backbone at abasic sites is cleaved not by APE1, but by APE2, an
APE1 homolog that has been proposed to mediate TLS polymerases
recruitment [108,109] (Figs. 4A and 5).

Non-canonical BER and MMR are responsible not only for the gen-
eration of point mutations but also of deletions and insertions, which are
observed at much lower frequency during SHM [98,110]. Deletions have
recently been proposed to occur via a two-step process that is dependent
primarily on the non-canonical BER pathway in conjunction with
NHEJ-mediated DSB repair [98,110]. On the other hand, the generation
of insertions is supported by both non-canonical BER and MMR, likely
also via DSB intermediates. In this context, nucleotide insertions are
thought to result from fill-in synthesis during DSB end joining [98,110].

Non-canonical BER and MMR have long been shown to function
epistatically in shaping the full mutational spectrum of SHM [104,
111-113]. However, the molecular basis of their coordination was only
recently uncovered. FAM72A was recently identified as a crucial player
in integrating BER and MMR activities during SHM [114-116]. FAM72A
promotes the ubiquitination and subsequent proteasomal degradation of
UNG2 specifically during the G1 phase, when AID introduces uracils at
the Ig loci [116]. Reduced UNG2 levels allow U:G mismatches to persist
into S-phase. As FAM72A expression declines in S phase, UNG2 levels
increase, allowing uracils in the EXO1-generated ssDNA tracks to be
converted into replication-blocking abasic sites that trigger translesional
synthesis by Poln [114-116] (Fig. 5).

Hence, through the coordinated modulation of BER and MMR, SHM
converts canonical DNA repair into a mutagenic program essential for
generating high-affinity antibodies.

6. Generation of DSBs at switch regions during CSR

Naive B cells express Igs of the IgM or IgD isotype, encoded by the
heavy chain constant (C) regions Cu and C9, respectively, via an alter-
native splicing mechanism [14,51]. This isotype expression results from
the juxtaposition of the Cu-C5 region to the rearranged VDJ exon of the
expressed Igh allele [14,51]. In mouse B cells, Cp-C$ is followed by eight
exon sets encoding for the Cx regions of the different isotypes. Each C
gene (except C8) is preceded by a 5’ intronic promoter, an intervening
(I) exon, and an intronic switch (S) region [14,51]. The S regions are
highly repetitive GC-rich stretches of DNA that extend up to 10-12 kb
and differ in their core repeat units [14,51]. CSR occurs via a somatic
deletional recombination reaction that replaces the Cu region (donor)
with one of the downstream Cx genes (acceptor) [14,51]. Similar to
SHM, CSR is initiated in G1 by AID, which targets the S regions pre-
ceding the recombining donor-acceptor C pair at the Igh locus [14,51].
AlID-induced U:G mismatches at the S regions are also processed by BER
and MMR; however, in contrast to SHM, this processing results in the
generation of DSBs in addition to mutations [14,51] (Fig. 4B).

DSB formation is facilitated by sequence features [117-120], namely
G4 structures and R loops, as well as the enrichment of hotspots for AID
targeting within the S regions (AGCT motifs) [121]. The high density of
these palindromic sequences allows for AID targeting in close proximity
on both DNA strands [121]. In contrast to SHM, both APE1 and APE2
contribute to CSR by cleaving the DNA backbone at closely spaced
abasic sites on opposite strands, generating staggered single-strand nicks
that resolve into DSBs [109,120-122]. Although APE]1 is likely respon-
sible for the majority of these nicks due to its high endonuclease cata-
lytic efficiency, APE2 is thought to support DSB formation also through
its exonuclease activity [109]. This activity becomes essential when
APE1 and APE2 cleave AP sites on opposite strands that are too far apart
to form a DSB [123]. In such cases, APE2 can resect 10-12 nucleotides to
reach the nick generated by APE1 on the complementary strand [108,
109,123] (Fig. 4B). Finally, APE1/APE2-generated nicks can also give
rise to DSBs through an MMR-dependent mechanism [124]. When
MutSa recognizes uracils on the strand opposite to a BER-generated
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single strand break (SSB), it triggers EXO1l-mediated excision of the
uracil-containing strand [124]. A DSB is formed when the excision tract
reaches the pre-existing nick on the complementary strand [124]
(Fig. 4B). AID hotspots are less frequent outside the S region cores, and
as a result, AID targeting in these areas leads to the generation of UNG2-
and APE1-derived SSBs that are resolved into mutations [51,125]. This
feature is responsible for the footprint of AID-induced mutations that
accompany DSB formation during CSR [51,125].

7. Productive versus aberrant repair of S region DSBs

Resolution of S region breaks occurs during G1 to early S phase
[126], primarily via NHEJ [51]. However, deletion of the core NHEJ
factors KU70/80, XRCC4 and LIG4 considerably reduces but does not
abrogate CSR [127-130]. The residual Sp-Sx junctions bear a reduced
frequency of direct joins and a concomitant increase in both the fre-
quency and length of microhomologies [51,128-131]. These findings
provide evidence that AID-induced breaks, unlike RAG-generated DSBs
during V(D)J recombination, can also be productively repaired by the

A-EJ pathway, albeit with lower efficiency and slower kinetics [51,
128-133]. The delayed repair kinetics likely derive from the additional
requirement for limited end resection to expose the microhomologies, as
well as the lower abundance of some A-EJ factors [51,128-133].

The regulation of DNA end resection plays a substantially more
critical role in determining pathway choice and repair outcome during
CSR than in V(D)J recombination [51]. Mechanistically, DNA end
resection begins with the recruitment of the multifunctional DNA
damage sensor and processing complex MRN (MRE11-RAD50-NSB1)
and its co-factor CtIP to DSBs [134,135]. CtIP stimulates the endonu-
clease activity of the MRE11 subunit, resulting in the formation of a nick
on the 5" DNA strand near the break site. MRE11’s processive 3'-5'
exonuclease activity then degrades the same strand from the nick toward
the DSB, thus generating ssDNA stretches typically less than 100 nu-
cleotides in length (short-range end resection) [134,135]. The
MRE11-generated nicks provide also an entry site for nucleases and
cofactors that promote long-range resection, which is mediated by either
EXO1, or by BLM and DNA2 [134,135]. EXO1 resects DNA using its 53’
double-stranded DNA exonuclease activity, whereas BLM helicase
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unwinds the DNA duplex and the 5' strand is degraded by the endonu-
clease activity of DNA2 [134,135].

In contrast to V(D)J recombination, the absence of a defined PCC
during CSR leaves AID-induced breaks accessible also to A-EJ, rather
than confining them exclusively to the NHEJ pathway [51,127-130].
Additionally, the length and intronic nature of the S regions permit a
degree of resection that still allows for productive inter-S joining and
enables A-EJ to serve as a backup repair pathway [51,59]. However, the
individual S regions are highly repetitive but differ in their core repeat
units [136]. As a result, limited resection of DSBs tends to expose short,
locally proximal stretches of microhomology that favor
intra-S-recombination, a competing, yet unproductive, repair outcome
that leads to S region contraction without isotype switching [51,
128-139]. Finally, while limited processing is compatible with pro-
ductive CSR via A-EJ, excessive resection renders them unsuitable for
repair by either end-joining pathway [140]. Moreover, resection
extending beyond the S regions may reach the adjacent coding C region
exons, resulting in loss of BCR expression [140].

Accordingly, the 53BP1-RIF1-Shieldin pathway is a major regulator
of AID-induced DSB repair outcomes [14,51]. Specifically, 53BP1
counteracts the formation of extensive 3’ resected overhangs by medi-
ating the RIF1-dependent recruitment of its downstream effector
Shieldin complex (composed by SHLD1-3 and REV7) [141-148].
Compared to the partial reduction in CSR observed in the absence of a
functional NHEJ pathway, defects in any component of the
53BP1-RIF1-Shieldin machinery nearly abrogate CSR [140,148-155]. In
addition, a considerable fraction of these B cells loses BCR expression
upon  activation [140].  Notably, increased levels of
intra-S-recombination have been observed in 53BP1-deficient cells,
consistent with a shift towards unproductive repair [154-156]. These
findings indicate that 53BP1-mediated DSB end protection is essential
for productive inter-S joining events leading to CSR by both NHEJ and
A-EJ, while safeguarding against the deleterious consequences of
extensive resection into the C regions (Fig. 5).

A substantial body of studies has recently uncovered that, protection
of ubiquitous DSBs relies on both the inhibition of nucleolytic processing
and fill-in DNA synthesis [142-158]. Paradoxically, limited end resec-
tion of approximately 50 bp is required to enable protection against
extensive processing. The short 3’ ssDNA overhangs are necessary for
the loading of SHLD2, the ssDNA-binding subunit of the Shieldin com-
plex, which safeguards the ssDNA-dsDNA junction from further resec-
tion by blocking access to nucleolytic factors [143,144,146,147-160]. In
parallel, SHLD1 recruits the CST complex (CTC1-STN1-TEN1), which in
turn brings in its accessory factor polymerase-a (Pola)-primase to
restore the minimally resected double-stranded DNA structure [142,
147,157,161-163]. However, since Pola has low processivity and typi-
cally synthesizes only short DNA stretches (20 bp), SHLD2 also recruits
the structure-specific DNA endonuclease ASTE] to trim the 3’ ssDNA
overhang, making it suitable for CST-Pola-mediated fill-in synthesis and
end-joining [164,165]. A recent study further expanded the role of CST
in DSB end protection by showing that it can directly inhibit the activity
of the end resection factors EXO1 and BLM-DNAZ2, thus supporting a
dual function of CST in the regulation of DNA end processing: fill-in DNA
synthesis and nuclease inhibition [166].

ASTE1 and Pola-primase-mediated fill-in synthesis are also required
for the repair of AID-induced DSBs [164,165]. In addition, DNA poly-
merase { functions epistatically with Shieldin and the CST complex
during the repair of S region breaks, further expanding the set of players
contributing to DNA end protection by fill-in synthesis in this context
[163]. However, SHLD1 is dispensable for Pola recruitment during CSR,
presumably because S region DSB ends carry CST recognition sites,
allowing for Shieldin-independent recruitment of CST and Pola [157].
These findings suggest that although the regulation of DNA end resec-
tion during CSR largely mirrors that of ubiquitous DSBs, the specific
mechanistic requirements may differ depending on the nature of the
break.
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Taken all together, processing of AID breaks is counteracted by both
the inhibition of nucleolytic resection and fill-in DNA synthesis, and is a
key determinant of whether repair leads to productive, unproductive, or
even deleterious outcomes. As such, DSB end protection is essential for
both Igh diversification and the preservation of genome stability in
activated B cells (Fig. 5).

8. Chromatin-driven deletional bias in CSR

Productive class switching results from end joining-mediated dele-
tion of the DNA sequence between the recombining S regions, which
places the new isotype C segment directly downstream of the Igh vari-
able region [14,51]. Accordingly, repair of CSR breaks exhibits the
so-called deletional bias, an orientation-specific recombination prefer-
ence with a 90:10 ratio of deletions over inversions [167]. This feature
stands in contrast to the repair of ubiquitous DNA breaks, which exhibits
no such preference and yields a 50:50 ratio of deletions over inversions
[14,51,167].

The mechanism underlying the deletional bias has been attributed to
the structure and re-organization dynamics of the Igh locus upon B cell
activation [43]. The locus contains two regulatory elements that are
critical for CSR: the intronic enhancer Ey, located upstream of Sy, and
the 3’ regulatory region (3’'RR), located at the 3’ end of the locus [43,
168,169]. In resting B cells, interactions between Eu and the 3’RR po-
sition all S-C units within a spatially constrained chromatin loop [43,
170] (Fig. 5). Upon antigen encounter, cohesin-mediated loop extrusion
generates subloops that synapse the recombining Sp-Sx regions and align
the AID-induced DSBs within these regions in a configuration that spe-
cifically favors deletional repair [43,170] (Fig. 5). Several studies indi-
cate that Igh locus conformation and dynamics are influenced by DSB
end protection and repair factors, including 53BP1 and ERCC6L2, as
their deletion reduces or abrogates the CSR deletional bias [167,
171-173]. However, how these proteins enforce the bias and whether
they do so by influencing the locus architecture remains unclear [174].

In summary, antibody diversification by CSR is also supported by the
establishment and maintenance of higher-order chromatin structures
[43]. Since deletion of architectural Igh elements leads to aberrant
ligation of CSR breaks to ectopic sequences [175,176], these same
structural features also appear to contribute to the preservation of
genome integrity by limiting the generation of AID-mediated trans-
locations [175-177].

9. Concluding remarks

B lymphocytes are unique in their ability to sustain programmed
DNA damage across three distinct antibody gene diversification re-
actions, enabling the generation of a broad and protective humoral
immune repertoire [178]. While the spatiotemporal regulation of RAG
and AID activity has been extensively studied, many questions remain
about the molecular logic that governs how DNA repair pathways are
selectively engaged and functionally redirected during these processes.

In the context of V(D)J recombination, the precise mechanisms by
which RAG-induced DNA ends are directed toward resolution by the
NHEJ machinery remain unclear. Specifically, despite decades since
ATM was first implicated in the stabilization of the PCC [63], and the
expanding list of additional contributing factors [65-68,70,179,180],
how these components cooperate to maintain PCC integrity and coor-
dinate DNA end processing remains poorly defined [174].

In activated B cells, a still largely unresolved question is how DNA
repair pathways that are ubiquitously dedicated to preserving genome
integrity are repurposed to promote targeted mutagenesis at Ig loci. This
functional duality is especially demanding given that these pathways
must operate in a mutagenic mode at Ig genes while simultaneously
maintaining high-fidelity function throughout the rest of the genome
[14,51]. The challenge is further amplified by the fact that programmed
AID-induced lesions occur in parallel with additional genotoxic stressors



M. Berruezo-Llacuna et al.

intrinsic to antigen-driven activation, such as rapid cell proliferation and
metabolic reprogramming [181-183].

Emerging evidence suggests that activated B cells employ safe-
guarding mechanisms to mitigate excessive mutagenesis even at the Ig
loci themselves. During SHM, the primase-polymerase PrimPol is known
to restrain excessive REV1-driven mutagenesis [184]. Similarly, the
DNA crosslinking factor HMCES was recently reported to limit the for-
mation of deletions during SHM by shielding UNG2-generated abasic
sites from APE2-mediated nicking, which would otherwise result in
DSBs [185]. These findings indicate that, while non-canonical DNA
repair pathways are harnessed to drive diversification, B cells also
deploy counterbalancing mechanisms to locally restrict their mutagenic
potential, further underscoring the importance of maintaining a balance
between error-prone and error-free repair.

In the context of CSR, recent studies have highlighted the importance
of RNA processing in preserving the balance between Igh diversification
and genome stability. Noncoding transcription at S regions, known as
germline transcription (GLT), facilitates AID targeting via R loop for-
mation, but resolution of these structures through RNA degradation is
essential for productive repair [14,186]. Disruption of GLT turnover, via
loss of the RNA exosome catalytic subunit DIS3 or GLT methylation by
methyltransferase-like 3 (METTL3), leads to R-loop accumulation,
impaired CSR, and increased Igh translocations [187,188]. Notably,
DIS3 deficiency also disrupts the coordination of AID-induced nicks on
both DNA strands, resulting in strand-biased processing and a repair
shift marked by increased microhomology at S-S junctions [187].
Similarly, loss of the RNA-binding protein HNRNPU, which facilitates
R-loop resolution during CSR, has been linked to reduced NHEJ usage
and increased microhomology, consistent with a shift in repair pathway
engagement [189]. These findings also illustrate how the mechanism
and coordination of AID-induced DSB formation at Igh can directly in-
fluence repair pathway choice and recombination outcome.

Although AID-induced mutations at non-Ig loci are less frequent than
those at Ig genes, the outcome of their repair is influenced by the
interplay of multiple pathways and shaped by gene-specific sequence
and chromatin context. Studies using Ung~/~Msh2~/~ mice have shown
that the BER and MMR pathways efficiently suppress most off-target
mutations, although their effectiveness depends on gene identity,
sequence context, and possibly mutational load [76]. In cases where
repair fails, translocations can arise, often involving actively transcribed
non-Ig genes that reside in close nuclear proximity to Igh or within 3D
enhancer hubs [118,190,191]. Additionally, AID targeting at non-Ig loci
may depend on distinct sequence motifs or chromatin features not
shared with Ig-associated breaks [192]. While these studies reveal
several factors influencing off-target repair, we still lack a predictive
framework to determine which AID-induced lesions are faithfully
resolved and which progress toward transformation.

In conclusion, how the equilibrium between permissive mutagenesis
and genome preservation is maintained remains incompletely defined.
Deciphering the molecular logic and regulatory architecture that govern
DNA repair dynamics during antibody diversification will not only
deepen our understanding of B cell biology, but may also uncover
broader mechanisms of genome protection.

CRediT authorship contribution statement

Michela Di Virgilio: Writing — review & editing, Writing — original
draft, Supervision, Funding acquisition, Conceptualization. Eleni Kab-
rani: Writing — review & editing, Writing — original draft, Conceptual-
ization. Maria Berruezo-Llacuna: Writing — review & editing, Writing —
original draft, Visualization, Conceptualization.

Declaration of Competing Interest

The authors declare no competing interests.

10

DNA Repair 153 (2025) 103888
Acknowledgments

We thank V.V. Ashok, S. Ebeling and C.P. Penningh (Di Virgilio lab,
MDC) for their critical reading of the manuscript and feedback.
Figure schematics were created using images from Servier Medical Art
(licensed under CC BY 3.0, https://smart.servier.com). This work was
funded by the Initiative and Networking Fund W2/W3 Program of the
Helmholtz Association (to M.D.V.).

References
[1] G.D. Victora, M.C. Nussenzweig, Germinal centers, Annu. Rev. Immunol. 40 (Apr.

2022) 413-442, https://doi.org/10.1146/annurev-immunol-120419-022408.

S. Tonegawa, Somatic generation of antibody diversity’, 1983 3025909, Nat 302

(5909) (1983) 575-581, https://doi.org/10.1038/302575a0.

X.P. Peng, A. Caballero-Oteyza, B. Grimbacher, Common variable

immunodeficiency: more pathways than roads to Rome, Annu. Rev. Pathol. Mech.

Dis. 18 (Jan. 2023) 283-310, https://doi.org/10.1146/annurev-pathmechdis-

031521-024229.

J. Shingleton, et al., Non-Hodgkin lymphomas: malignancies arising from mature

b cells, Cold Spring Harb. Perspect. Med. 11 (3) (Mar. 2021), https://doi.org/

10.1101/cshperspect.a034843.

D. Nemazee, M. Weigert, Revising b cell receptors, J. Exp. Med. 191 (11) (Jun.

2000) 1813-1817, https://doi.org/10.1084/jem.191.11.1813.

M. Reth, Antigen receptors on b lymphocytes, Annu. Rev. Immunol. 10 (1992)

97-121, https://doi.org/10.1146/annurev.iy.10.040192.000525.

D. Nemazee, Mechanisms of central tolerance for b cells, Nat. Rev. Immunol. 17

(5) (May 2017) 281-294, https://doi.org/10.1038/nri.2017.19.

R. Pelanda, S.A. Greaves, T. Alves da Costa, L.M. Cedrone, M.L. Campbell, R.

M. Torres, B-cell intrinsic and extrinsic signals that regulate central tolerance of

mouse and human b cells, Immunol. Rev. 307 (1) (Dec. 2022) 12-26, https://doi.

org/10.1111/imr.13062.

J.J. Bednarski, B.P. Sleckman, At the intersection of DNA damage and immune

responses, Nat. Rev. Immunol. 19 (4) (Apr. 2019) 231-242, https://doi.org/

10.1038/541577-019-0135-6.

M. Reth, P. Nielsen, Signaling circuits in early B-cell development, > Adv.

Immunol. 122 (2014) 129-175, https://doi.org/10.1016/B978-0-12-800267-

4.00004-3.

D. Loffert, et al., ‘Early B-cell development in the mouse: insights from mutations

introduced by gene targeting’, Immunol. Rev. 137 (Feb. 1994) 135-153, https://

doi.org/10.1111/§.1600-065x.1994.tb00662.x.

J. Jacob, G. Kelsoe, K. Rajewsky, U. Weiss, Intraclonal generation of antibody

mutants in germinal centres, Nature 354 (6352) (Dec. 1991) 389-392, https://

doi.org/10.1038/354389a0.

Z. Xu, H. Zan, E.J. Pone, T. Mai, P. Casali, Inmunoglobulin class-switch DNA

recombination: induction, targeting and beyond, Nat. Rev. Immunol. 12 (7) (Jul.

2012) 517-531, https://doi.org/10.1038/nri3216.

S.P. Methot, J.M. Di Noia, Molecular mechanisms of somatic hypermutation and

class switch recombination, * Adv. Immunol. 133 (2017) 37-87, https://doi.org/

10.1016/bs.ai.2016.11.002.

S.M. Christie, C. Fijen, E. Rothenberg, V(D)J recombination: recent insights in

formation of the recombinase complex and recruitment of DNA repair machinery,

Front. Cell Dev. Biol. 10 (2022), https://doi.org/10.3389/fcell.2022.886718.

D. Jung, C. Giallourakis, R. Mostoslavsky, F.W. Alt, Mechanism and control of V

(D)J recombination at the immunoglobulin heavy chain locus, Annu. Rev.

Immunol. 24 (2006) 541-570, https://doi.org/10.1146/annurev.

immunol.23.021704.115830.

D.G. Schatz, Y. Ji, Recombination centres and the orchestration of V(D)J

recombination, Nat. Rev. Immunol. 11 (4) (Apr. 2011) 251-263, https://doi.org/

10.1038/nri2941.

D.C. van Gent, K. Hiom, T.T. Paull, M. Gellert, Stimulation of V(D)J cleavage by

high mobility group proteins, EMBO J. 16 (10) (May 1997) 2665-2670, https://

doi.org/10.1093/embo;j/16.10.2665.

V. Aidinis, T. Bonaldi, M. Beltrame, S. Santagata, M.E. Bianchi, E. Spanopoulou,

The RAG1 homeodomain recruits HMG1 and HMG2 to facilitate recombination

signal sequence binding and to enhance the intrinsic DNA-bending activity of

RAG1-RAG2, Mol. Cell. Biol. 19 (10) (Oct. 1999) 6532-6542, https://doi.org/

10.1128/MCB.19.10.6532.

A.J. Little, E. Corbett, F. Ortega, D.G. Schatz, Cooperative recruitment of HMGB1

during V(D)J recombination through interactions with RAG1 and DNA, Nucleic

Acids Res 41 (5) (Mar. 2013) 3289-3301, https://doi.org/10.1093/nar/gks1461.

W. Al-Herz, et al., Primary immunodeficiency diseases: an update on the

classification from the international union of immunological societies expert

committee for primary immunodeficiency, Front. Inmunol. 2 (Nov. 2011) 54,

https://doi.org/10.3389/fimmu.2011.00054.

F. Cossu, Genetics of SCID, Ital. J. Pedia 36 (Nov. 2010) 76, https://doi.org/

10.1186/1824-7288-36-76.

R. Sharma, S. Lewis, M.W. Wlodarski, DNA repair syndromes and cancer: insights

into genetics and phenotype patterns, Front. Pedia 8 (2020), https://doi.org/

10.3389/fped.2020.570084.

R. Kleinfield, R.R. Hardy, D. Tarlinton, J. Dangl, L.A. Herzenberg, M. Weigert,

Recombination between an expressed immunoglobulin heavy-chain gene and a

[2]

[3]

[4

(5]

[6

[7]

[8

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]


https://smart.servier.com
https://doi.org/10.1146/annurev-immunol-120419-022408
https://doi.org/10.1038/302575a0
https://doi.org/10.1146/annurev-pathmechdis-031521-024229
https://doi.org/10.1146/annurev-pathmechdis-031521-024229
https://doi.org/10.1101/cshperspect.a034843
https://doi.org/10.1101/cshperspect.a034843
https://doi.org/10.1084/jem.191.11.1813
https://doi.org/10.1146/annurev.iy.10.040192.000525
https://doi.org/10.1038/nri.2017.19
https://doi.org/10.1111/imr.13062
https://doi.org/10.1111/imr.13062
https://doi.org/10.1038/s41577-019-0135-6
https://doi.org/10.1038/s41577-019-0135-6
https://doi.org/10.1016/B978-0-12-800267-4.00004-3
https://doi.org/10.1016/B978-0-12-800267-4.00004-3
https://doi.org/10.1111/j.1600-065x.1994.tb00662.x
https://doi.org/10.1111/j.1600-065x.1994.tb00662.x
https://doi.org/10.1038/354389a0
https://doi.org/10.1038/354389a0
https://doi.org/10.1038/nri3216
https://doi.org/10.1016/bs.ai.2016.11.002
https://doi.org/10.1016/bs.ai.2016.11.002
https://doi.org/10.3389/fcell.2022.886718
https://doi.org/10.1146/annurev.immunol.23.021704.115830
https://doi.org/10.1146/annurev.immunol.23.021704.115830
https://doi.org/10.1038/nri2941
https://doi.org/10.1038/nri2941
https://doi.org/10.1093/emboj/16.10.2665
https://doi.org/10.1093/emboj/16.10.2665
https://doi.org/10.1128/MCB.19.10.6532
https://doi.org/10.1128/MCB.19.10.6532
https://doi.org/10.1093/nar/gks1461
https://doi.org/10.3389/fimmu.2011.00054
https://doi.org/10.1186/1824-7288-36-76
https://doi.org/10.1186/1824-7288-36-76
https://doi.org/10.3389/fped.2020.570084
https://doi.org/10.3389/fped.2020.570084

M. Berruezo-Llacuna et al.

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

germline variable gene segment in a ly 1+ B-cell lymphoma, Nature 322 (6082)
(Sep. 1986) 843-846, https://doi.org/10.1038/322843a0.

1. Merelli, et al., RSSsite: a reference database and prediction tool for the
identification of cryptic recombination signal sequences in human and murine
genomes, Nucleic Acids Res 38 (Jul. 2010) 262-267, https://doi.org/10.1093/
nar/gkq391.

S.C. Raghavan, L.R. Kirsch, M.R. Lieber, Analysis of the V(D)J recombination
efficiency at lymphoid chromosomal translocation breakpoints, J. Biol. Chem.
276 (31) (Aug. 2001) 29126-29133, https://doi.org/10.1074/jbc.M103797200.
Y. Kitagawa, et al., Prevalent involvement of illegitimate V(D)J recombination in
chromosome 9p21 deletions in lymphoid leukemia, J. Biol. Chem. 277 (48) (Nov.
2002) 46289-46297, https://doi.org/10.1074/jbc.M208353200.

R. Marculescu, T. Le, P. Simon, U. Jaeger, B. Nadel, V(D)J-mediated
translocations in lymphoid neoplasms: a functional assessment of genomic
instability by cryptic sites, J. Exp. Med. 195 (1) (Jan. 2002) 85-98, https://doi.
org/10.1084/jem.20011578.

S.C. Raghavan, P.C. Swanson, X. Wu, C.-L. Hsieh, M.R. Lieber, A non-B-DNA
structure at the Bcl-2 major breakpoint region is cleaved by the RAG complex,
Nature 428 (6978) (Mar. 2004) 88-93, https://doi.org/10.1038/nature02355.
M. Zhang, P.C. Swanson, HMGB1/2 can target DNA for illegitimate cleavage by
the RAG1/2 complex, BMC Mol. Biol. 10 (1) (Mar. 2009), https://doi.org/
10.1186/1471-2199-10-24.

R. Alaggio, et al., The 5th edition of the world health organization classification
of haematolymphoid tumours: lymphoid neoplasms, Leukemia 36 (7) (Jul. 2022)
1720-1748, https://doi.org/10.1038/541375-022-01620-2.

F.G. Haluska, S. Finver, Y. Tsujimoto, C.M. Croce, The t(8; 14) chromosomal
translocation occurring in B-cell malignancies results from mistakes in V-D-J
joining, Nature 324 (6093) (Nov. 1986) 158-161, https://doi.org/10.1038/
324158a0.

Y. Tsujimoto, J. Gorham, J. Cossman, E. Jaffe, C.M. Croce, The t(14;18)
chromosome translocations involved in B-cell neoplasms result from mistakes in
VDJ joining, Science 229 (4720) (Sep. 1985) 1390-1393, https://doi.org/
10.1126/science.3929382.

D.G. Schatz, P.C. Swanson, V(D)J recombination: mechanisms of initiation, Annu.
Rev. Genet 45 (2011) 167-202, https://doi.org/10.1146/annurev-genet-110410-
132552.

Y. Liu, L. Zhang, S. Desiderio, Temporal and spatial regulation of V(D)J
recombination: interactions of extrinsic factors with the RAG complex, Adv. Exp.
Med. Biol. 650 (2009) 157-165, https://doi.org/10.1007/978-1-4419-0296-2._
13.

M. Fuxa, J. Skok, A. Souabni, G. Salvagiotto, E. Roldan, M. Busslinger, Pax5
induces V-to-DJ rearrangements and locus contraction of the immunoglobulin
heavy-chain gene, Genes Dev. 18 (4) (Feb. 2004) 411-422, https://doi.org/
10.1101/gad.291504.

L. Hill, et al., Igh and igk loci use different folding principles for v gene
recombination due to distinct chromosomal architectures of pro-B and pre-B cells,
Nat. Commun. 14 (1) (Apr. 2023), https://doi.org/10.1038/541467-023-37994-
9.

L. Hill, et al., Wapl repression by Pax5 promotes v gene recombination by igh loop
extrusion, Nature 584 (7819) (Aug. 2020) 142-147, https://doi.org/10.1038/
541586-020-2454-y.

J. Medvedovic, et al., Flexible long-range loops in the VH gene region of the igh
locus facilitate the generation of a diverse antibody repertoire, Immunity 39 (2)
(Aug. 2013) 229-244, https://doi.org/10.1016/j.immuni.2013.08.011.

L. Montefiori, et al., Extremely Long-Range chromatin loops link topological
domains to facilitate a diverse antibody repertoire, Cell Rep. 14 (4) (Feb. 2016)
896-906, https://doi.org/10.1016/j.celrep.2015.12.083.

X. Qiu, et al., Altered 3D chromatin structure permits inversional recombination
at the IgH locus, Sci. Adv. 6 (33) (Aug. 2020), https://doi.org/10.1126/sciadv.
aaz8850.

Y. Zhang, et al., The fundamental role of chromatin loop extrusion in
physiological V(D)J recombination, Nature 573 (7775) (Sep. 2019) 600-604,
https://doi.org/10.1038/541586-019-1547-y.

Y. Zhang, X. Zhang, H.-Q. Dai, H. Hu, F.W. Alt, The role of chromatin loop
extrusion in antibody diversification, Nat. Rev. Immunol. 22 (9) (Sep. 2022)
550-566, https://doi.org/10.1038/s41577-022-00679-3.

S. Lewis, A. Gifford, D. Baltimore, DNA elements are asymmetrically joined
during the site-specific recombination of kappa immunoglobulin genes, Science
228 (4700) (Dec. 1985) 677-685, https://doi.org/10.1126/science.3158075.

Y. Ma, U. Pannicke, K. Schwarz, M.R. Lieber, Hairpin opening and overhang
processing by an Artemis/DNA-Dependent protein kinase complex in
nonhomologous end joining and V(D)J recombination, Cell 108 (6) (Mar. 2002)
781-794, https://doi.org/10.1016/50092-8674(02)00671-2.

S. Rooney, et al., Defective DNA repair and increased genomic instability in
Artemis-deficient murine cells, J. Exp. Med. 197 (5) (Mar. 2003) 553-565,
https://doi.org/10.1084/jem.20021891.

S. Rooney, et al., Leaky scid phenotype associated with defective V(D)J coding
end processing in Artemis-deficient mice, Mol. Cell 10 (6) (Dec. 2002)
1379-1390, https://doi.org/10.1016/51097-2765(02)00755-4.

S. Gilfillan, A. Dierich, M. Lemeur, C. Benoist, D. Mathis, Mice lacking TdT:
mature animals with an immature lymphocyte repertoire, Science 261 (5125)
(Aug. 1993) 1175-1178, https://doi.org/10.1126/science.8356452.

T. Komori, A. Okada, V. Stewart, F.W. Alt, Lack of n regions in antigen receptor
variable region genes of TdT-deficient lymphocytes, Science 261 (5125) (Aug.
1993) 1171-1175, https://doi.org/10.1126/science.8356451.

11

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

DNA Repair 153 (2025) 103888

M.R. Lieber, The mechanism of double-strand DNA break repair by the
nonhomologous DNA end-joining pathway, Annu. Rev. Biochem 79 (2010)
181-211, https://doi.org/10.1146/annurev.biochem.052308.093131.

T. Saha, D. Sundaravinayagam, M. Di Virgilio, Charting a DNA repair roadmap for
immunoglobulin class switch recombination, Trends Biochem. Sci. 46 (3) (Mar.
2021) 184-199, https://doi.org/10.1016/j.tibs.2020.10.005.

T. Blunt, et al., Defective DNA-dependent protein kinase activity is linked to V(D)
J recombination and DNA repair defects associated with the murine scid
mutation, Cell 80 (5) (Mar. 1995) 813-823, https://doi.org/10.1016/0092-8674
(95)90360-7.

N.V. Boubnov, et al., Complementation of the ionizing radiation sensitivity, DNA
end binding, and V(D)J recombination defects of double-strand break repair
mutants by the p86 ku autoantigen, Proc. Natl. Acad. Sci. U. S. A. 92 (3) (Jan.
1995) 890-894, https://doi.org/10.1073/pnas.92.3.890.

U. Grawunder, D. Zimmer, S. Fugmann, K. Schwarz, M.R. Lieber, DNA ligase IV is
essential for V(D)J recombination and DNA double-strand break repair in human
precursor lymphocytes, Mol. Cell 2 (4) (Oct. 1998) 477-484, https://doi.org/
10.1016/s1097-2765(00)80147-1.

Y. Gu, et al., Growth retardation and leaky SCID phenotype of Ku70-deficient
mice, Immunity 7 (5) (Nov. 1997) 653-665, https://doi.org/10.1016/s1074-
7613(00)80386-6.

C.U. Kirchgessner, et al., DNA-dependent kinase (p350) as a candidate gene for
the murine SCID defect, Science 267 (5201) (Feb. 1995) 1178-1183, https://doi.
org/10.1126/science.7855601.

Z. i, et al., The XRCC4 gene encodes a novel protein involved in DNA double-
strand break repair and V(D)J recombination, Cell 83 (7) (Dec. 1995) 1079-1089,
https://doi.org/10.1016,/0092-8674(95)90135-3.

G.E. Taccioli, et al., Ku80: product of the XRCC5 gene and its role in DNA repair
and V(D)J recombination, Science 265 (5177) (Sep. 1994) 1442-1445, https://
doi.org/10.1126/science.8073286.

C. Boboila, F.W. Alt, B. Schwer, Classical and alternative end-joining pathways for
repair of lymphocyte-specific and general DNA double-strand breaks, * Adv.
Immunol. 116 (2012) 1-49, https://doi.org/10.1016/B978-0-12-394300-
2.00001-6.

L. Deriano, D.B. Roth, Modernizing the nonhomologous end-joining repertoire:
alternative and classical NHEJ share the stage, Annu. Rev. Genet 47 (2013)
433-455, https://doi.org/10.1146/annurev-genet-110711-155540.

V. Gigi, et al., RAG2 mutants alter DSB repair pathway choice in vivo and
illuminate the nature of “alternative NHEJ, Nucleic Acids Res 42 (10) (Jun. 2014)
6352-6364, https://doi.org/10.1093/nar/gku295.

J. Wang, C.A. Sadeghi, L.V. Le, M. Le Bouteiller, R.L. Frock, ATM and 53BP1
regulate alternative end joining—mediated V(D)J recombination, Sci. Adv. 10 (31)
(Jul. 2024), https://doi.org/10.1126/sciadv.adn4682.

A.L. Bredemeyer, et al., ATM stabilizes DNA double-strand-break complexes
during V(D)J recombination, Nature 442 (7101) (Jul. 2006) 466-470, https://
doi.org/10.1038/nature04866.

M.F. Lavin, Y. Shiloh, The genetic defect in ataxia-telangiectasia, Annu. Rev.
Immunol. 15 (1997) 177-202, https://doi.org/10.1146/annurev.
immunol.15.1.177.

V. Kumar, F.W. Alt, R.L. Frock, PAXX and XLF DNA repair factors are functionally
redundant in joining DNA breaks in a G1-arrested progenitor B-cell line, Proc.
Natl. Acad. Sci. 113 (38) (Sep. 2016) 10619-10624, https://doi.org/10.1073/
pnas.1611882113.

V. Kumar, F.W. Alt, V. Oksenych, Functional overlaps between XLF and the ATM-
dependent DNA double strand break response, DNA Repair 16 (1) (Apr. 2014)
11-22, https://doi.org/10.1016/J.DNAREP.2014.01.010.

C. Lescale, et al., RAG2 and XLF/Cernunnos interplay reveals a novel role for the
RAG complex in DNA repair, Nat. Commun. 7 (Feb. 2016), https://doi.org/
10.1038/ncomms10529.

C. Lescale, et al., Specific roles of XRCC4 paralogs PAXX and XLF during V(D)J
recombination, Cell Rep. 16 (11) (Sep. 2016) 2967-2979, https://doi.org/
10.1016/j.celrep.2016.08.069.

X. Liu, W. Jiang, R.L. Dubois, K. Yamamoto, Z. Wolner, S. Zha, Overlapping
functions between XLF repair protein and 53BP1 DNA damage response factor in
end joining and lymphocyte development, Proc. Natl. Acad. Sci. 109 (10) (Mar.
2012) 3903-3908, https://doi.org/10.1073/pnas.1120160109.

V. Oksenych, et al., Functional redundancy between the XLF and DNA-PKcs DNA
repair factors in V(D)J recombination and nonhomologous DNA end joining,
Proc. Natl. Acad. Sci. U. S. A. 110 (6) (Feb. 2013) 2234-2239, https://doi.org/
10.1073/pnas.1222573110.

V. Oksenych, et al., Functional redundancy between repair factor XLF and
damage response mediator 53BP1 in V(D)J recombination and DNA repair, Proc.
Natl. Acad. Sci. 109 (7) (Feb. 2012) 2455-2460, https://doi.org/10.1073/
pnas.1121458109.

L. Deriano, et al., The RAG2 c terminus suppresses genomic instability and
lymphomagenesis, Nature 471 (7336) (Mar. 2011) 119-123, https://doi.org/
10.1038/nature09755.

Z. Liang, et al., Ku70 suppresses alternative end joining in G1-arrested progenitor
b cells, Proc. Natl. Acad. Sci. U. S. A. 118 (21) (Dec. 2021), https://doi.org/
10.1073/pnas.2103630118.

Y. Feng, N. Seija, J.M. Di Noia, A. Martin, AID in antibody diversification: there
and back again, ’ Trends Immunol. 41 (7) (Jul. 2020) 586-600, https://doi.org/
10.1016/j.it.2020.04.009.

R. Casellas, U. Basu, W.T. Yewdell, J. Chaudhuri, D.F. Robbiani, J.M. Di Noia,
Mutations, kataegis and translocations in b cells: understanding AID promiscuous


https://doi.org/10.1038/322843a0
https://doi.org/10.1093/nar/gkq391
https://doi.org/10.1093/nar/gkq391
https://doi.org/10.1074/jbc.M103797200
https://doi.org/10.1074/jbc.M208353200
https://doi.org/10.1084/jem.20011578
https://doi.org/10.1084/jem.20011578
https://doi.org/10.1038/nature02355
https://doi.org/10.1186/1471-2199-10-24
https://doi.org/10.1186/1471-2199-10-24
https://doi.org/10.1038/s41375-022-01620-2
https://doi.org/10.1038/324158a0
https://doi.org/10.1038/324158a0
https://doi.org/10.1126/science.3929382
https://doi.org/10.1126/science.3929382
https://doi.org/10.1146/annurev-genet-110410-132552
https://doi.org/10.1146/annurev-genet-110410-132552
https://doi.org/10.1007/978-1-4419-0296-2_13
https://doi.org/10.1007/978-1-4419-0296-2_13
https://doi.org/10.1101/gad.291504
https://doi.org/10.1101/gad.291504
https://doi.org/10.1038/s41467-023-37994-9
https://doi.org/10.1038/s41467-023-37994-9
https://doi.org/10.1038/s41586-020-2454-y
https://doi.org/10.1038/s41586-020-2454-y
https://doi.org/10.1016/j.immuni.2013.08.011
https://doi.org/10.1016/j.celrep.2015.12.083
https://doi.org/10.1126/sciadv.aaz8850
https://doi.org/10.1126/sciadv.aaz8850
https://doi.org/10.1038/s41586-019-1547-y
https://doi.org/10.1038/s41577-022-00679-3
https://doi.org/10.1126/science.3158075
https://doi.org/10.1016/S0092-8674(02)00671-2
https://doi.org/10.1084/jem.20021891
https://doi.org/10.1016/s1097-2765(02)00755-4
https://doi.org/10.1126/science.8356452
https://doi.org/10.1126/science.8356451
https://doi.org/10.1146/annurev.biochem.052308.093131
https://doi.org/10.1016/j.tibs.2020.10.005
https://doi.org/10.1016/0092-8674(95)90360-7
https://doi.org/10.1016/0092-8674(95)90360-7
https://doi.org/10.1073/pnas.92.3.890
https://doi.org/10.1016/s1097-2765(00)80147-1
https://doi.org/10.1016/s1097-2765(00)80147-1
https://doi.org/10.1016/s1074-7613(00)80386-6
https://doi.org/10.1016/s1074-7613(00)80386-6
https://doi.org/10.1126/science.7855601
https://doi.org/10.1126/science.7855601
https://doi.org/10.1016/0092-8674(95)90135-3
https://doi.org/10.1126/science.8073286
https://doi.org/10.1126/science.8073286
https://doi.org/10.1016/B978-0-12-394300-2.00001-6
https://doi.org/10.1016/B978-0-12-394300-2.00001-6
https://doi.org/10.1146/annurev-genet-110711-155540
https://doi.org/10.1093/nar/gku295
https://doi.org/10.1126/sciadv.adn4682
https://doi.org/10.1038/nature04866
https://doi.org/10.1038/nature04866
https://doi.org/10.1146/annurev.immunol.15.1.177
https://doi.org/10.1146/annurev.immunol.15.1.177
https://doi.org/10.1073/pnas.1611882113
https://doi.org/10.1073/pnas.1611882113
https://doi.org/10.1016/J.DNAREP.2014.01.010
https://doi.org/10.1038/ncomms10529
https://doi.org/10.1038/ncomms10529
https://doi.org/10.1016/j.celrep.2016.08.069
https://doi.org/10.1016/j.celrep.2016.08.069
https://doi.org/10.1073/pnas.1120160109
https://doi.org/10.1073/pnas.1222573110
https://doi.org/10.1073/pnas.1222573110
https://doi.org/10.1073/pnas.1121458109
https://doi.org/10.1073/pnas.1121458109
https://doi.org/10.1038/nature09755
https://doi.org/10.1038/nature09755
https://doi.org/10.1073/pnas.2103630118
https://doi.org/10.1073/pnas.2103630118
https://doi.org/10.1016/j.it.2020.04.009
https://doi.org/10.1016/j.it.2020.04.009

M. Berruezo-Llacuna et al.

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]
[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

activity, Nat. Rev. Immunol. 16 (3) (Mar. 2016) 164-176, https://doi.org/
10.1038/nri.2016.2.

A.F. Alvarez-Prado, et al., A broad Atlas of somatic hypermutation allows
prediction of activation-induced deaminase targets, J. Exp. Med. 215 (3) (Jan.
2018) 761-771, https://doi.org/10.1084/jem.20171738.

1. Okazaki, A. Kotani, T. Honjo, Role of AID in tumorigenesis, > Adv. Immunol. 94
(2007) 245-273, https://doi.org/10.1016/S0065-2776(06)94008-5.

B.H. Ye, et al., Alterations of a zinc Finger-Encoding gene, BCL-6, in diffuse Large-
Cell lymphoma, Science 262 (5134) (Oct. 1993) 747-750, https://doi.org/
10.1126/science.8235596.

B.H. Ye, BCL-6 in the pathogenesis of non-Hodgkin’s lymphoma, Cancer Invest 18
(4) (2000) 356-365, https://doi.org/10.3109/07357900009012179.

B.W. Baron, et al., PIM1 gene cooperates with human BCL6 gene to promote the
development of lymphomas, Proc. Natl. Acad. Sci. 109 (15) (Apr. 2012)
5735-5739, https://doi.org/10.1073/pnas.1201168109.

L. Pasqualucci, et al., Hypermutation of multiple proto-oncogenes in B-cell diffuse
large-cell lymphomas, Nature 412 (6844) (Jul. 2001) 341-346, https://doi.org/
10.1038/35085588.

M. Montesinos-Rongen, D. Van Roost, C. Schaller, O.D. Wiestler, M. Deckert,
Primary diffuse large B-cell lymphomas of the central nervous system are targeted
by aberrant somatic hypermutation, Blood 103 (5) (Mar. 2004) 1869-1875,
https://doi.org/10.1182/blood-2003-05-1465.

D. Cozma, et al., B cell activator PAX5 promotes lymphomagenesis through
stimulation of b cell receptor signaling, J. Clin. Invest 117 (9) (Sep. 2007)
2602-2610, https://doi.org/10.1172/JCI30842.

A.R. Ramiro, et al., AID is required for c-myc/IgH chromosome translocations in
vivo, Cell 118 (4) (Aug. 2004) 431-438, https://doi.org/10.1016/j.
cell.2004.08.006.

R. Kiippers, R. Dalla-Favera, Mechanisms of chromosomal translocations in b cell
lymphomas, Oncogene 20 (40) (Sep. 2001) 5580-5594, https://doi.org/10.1038/
sj.onc.1204640.

P. Leder, et al., Translocations among antibody genes in human cancer, Science
222 (4625) (Nov. 1983) 765-771, https://doi.org/10.1126/science.6356357.
R.J. Leeman-Neill, et al., Noncoding mutations cause super-enhancer retargeting
resulting in protein synthesis dysregulation during b cell lymphoma progression,
Nat. Genet 55 (12) (Dec. 2023) 2160-2174, https://doi.org/10.1038/s41588-
023-01561-1.

H. Zan, P. Casali, Regulation of aicda expression and AID activity, Autoimmunity
46 (2) (Mar. 2013) 83-101, https://doi.org/10.3109/08916934.2012.749244.
R.T. Phan, R. Dalla-Favera, The BCL6 proto-oncogene suppresses p53 expression
in germinal-centre b cells, Nature 432 (7017) (Dec. 2004) 635-639, https://doi.
org/10.1038/nature03147.

S.M. Ranuncolo, et al., Bcl-6 mediates the germinal center b cell phenotype and
lymphomagenesis through transcriptional repression of the DNA-damage sensor
ATR, Nat. Immunol. 8 (7) (Jul. 2007) 705-714, https://doi.org/10.1038/ni1478.
S.M. Ranuncolo, J.M. Polo, A. Melnick, BCL6 represses CHEK1 and suppresses
DNA damage pathways in normal and malignant B-cells, Blood Cells Mol. Dis. 41
(1) (2008) 95-99, https://doi.org/10.1016/j.bcmd.2008.02.003.

B. Pilzecker, H. Jacobs, Mutating for good: DNA damage responses during
somatic hypermutation, Front. Inmunol. 10 (Mar. 2019), https://doi.org/
10.3389/fimmu.2019.00438.

S.H. Kleinstein, Y. Louzoun, M.J. Shlomchik, Estimating hypermutation rates
from clonal tree data, J. Immunol. 171 (9) (Nov. 2003) 4639-4649, https://doi.
org/10.4049/jimmunol.171.9.4639.

F.N. Papavasiliou, D.G. Schatz, Somatic hypermutation of immunoglobulin genes:
merging mechanisms for genetic diversity’, Cell (Apr. 2002) 35-44, https://doi.
org/10.1016/50092-8674(02)00706-7.

G. Teng, F.N. Papavasiliou, Inmunoglobulin somatic hypermutation, Annu. Rev.
Genet 41 (Dec. 2007) 107-120, https://doi.org/10.1146/annurev.
genet.41.110306.130340.

H.E. Krokan, M. Bjgras, ‘Base excision repair, Cold Spring Harb. Perspect. Biol. 5
(4) (Apr. 2013), https://doi.org/10.1101/cshperspect.a012583.

G.M. Li, Mechanisms and functions of DNA mismatch repair, Cell Res 18 (1) (Jan.
2008) 85-98, https://doi.org/10.1038/cr.2007.115.

Q. Hao, J. Li, L.S. Yeap, Molecular mechanisms of DNA lesion and repair during
antibody somatic hypermutation, Sci. China Life Sci. 67 (11) (Nov. 2024)
2344-2353, https://doi.org/10.1007/s11427-024-2615-1.

1. Paniagua, J.J.L. Jacobs, Freedom to err: the expanding cellular functions of
translesion DNA polymerases, Mol. Cell 83 (20) (Oct. 2023) 3608-3621, https://
doi.org/10.1016/j.molcel.2023.07.008.

W. Yang, Y. Gao, Translesion and repair DNA polymerases: diverse structure and
mechanism, Annu. Rev. Biochem 87 (Jun. 2018) 239-261, https://doi.org/
10.1146/annurev-biochem-062917-012405.

K. Masuda, et al., DNA polymerase 6 contributes to the generation of C/G
mutations during somatic hypermutation of ig genes, Proc. Natl. Acad. Sci. 102
(39) (Sep. 2005) 13986-13991, https://doi.org/10.1073/pnas.0505636102.

K. Masuda, R. Ouchida, Y. Li, X. Gao, H. Mori, J.Y. Wang, A critical role for REV1
in regulating the induction of C:G transitions and A:T mutations during ig gene
hypermutation, J. Immunol. 183 (3) (Aug. 2009) 1846-1850, https://doi.org/
10.4049/jimmunol.0901240.

J.G. Jansen, P. Langerak, A. Tsaalbi-Shtylik, P. van den Berk, H. Jacobs, N. de
Wind, Strand-biased defect in C/G transversions in hypermutating
immunoglobulin genes in Revl-deficient mice, J. Exp. Med. 203 (2) (Feb. 2006)
319-323, https://doi.org/10.1084/jem.20052227.

P.H. Krijger, A. Tsaalbi-Shtylik, N. Wit, P.C.M. van den Berk, N. de Wind,

H. Jacobs, Revl is essential in generating g to c transversions downstream of the

12

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

DNA Repair 153 (2025) 103888

Ung2 pathway but not the Msh2-+Ung2 hybrid pathway, Eur. J. Inmunol. 43 (10)
(2013) 2765-2770, https://doi.org/10.1002/€ji.201243191.

F. Delbos, S. Aoufouchi, A. Faili, J.-C. Weill, C.-A. Reynaud, DNA polymerase n is
the sole contributor of A/T modifications during immunoglobulin gene
hypermutation in the mouse, J. Exp. Med. 204 (1) (Jan. 2007) 17-23, https://doi.
org/10.1084/jem.20062131.

M. Diaz, L.K. Verkoczy, M.F. Flajnik, N. R. Klinman, Decreased frequency of
somatic hypermutation and impaired affinity maturation but intact germinal
center formation in mice expressing antisense RNA to DNA polymerase zeta’,

J. Immunol. 167 (1) (Jul. 2001) 327-335, https://doi.org/10.4049/
jimmunol.167.1.327.

D. Schenten, et al., ‘Pol zeta ablation in b cells impairs the germinal center
reaction, class switch recombination, DNA break repair, and genome stability,
J. Exp. Med. 206 (2) (Feb. 2009) 477-490, https://doi.org/10.1084/
jem.20080669.

J. Stavnezer, et al., Differential expression of APE1 and APE2 in germinal centers
promotes error-prone repair and A:T mutations during somatic hypermutation,
Proc. Natl. Acad. Sci. 111 (25) (Jun. 2014) 9217-9222, https://doi.org/10.1073/
pnas.1405590111.

C.E. Schrader, T. Williams, K. Pechhold, E.K. Linehan, D. Tsuchimoto,

Y. Nakabeppu, APE2 promotes AID-Dependent somatic hypermutation in primary
b cell cultures that is suppressed by APE1, J. Immunol. 210 (11) (Apr. 2023)
1804-1814, https://doi.org/10.4049/jimmunol.2100946.

Q. Hao, et al., DNA repair mechanisms that promote insertion-deletion events
during immunoglobulin gene diversification, Sci. Inmunol. 8 (81) (Mar. 2023),
https://doi.org/10.1126/sciimmunol.ade1167.

C. Rada, J.M. Di Noia, M.S. Neuberger, Mismatch recognition and uracil excision
provide complementary paths to both ig switching and the A/T-focused phase of
somatic mutation, Mol. Cell 16 (2) (Oct. 2004) 163-171, https://doi.org/
10.1016/j.molcel.2004.10.011.

D. Frieder, M. Larijani, C. Collins, M. Shulman, A. Martin, The concerted action of
Msh2 and UNG stimulates somatic hypermutation at A. T base pairs, Mol. Cell.
Biol. 29 (18) (Sep. 2009) 5148-5157, https://doi.org/10.1128/MCB.00647-09.
S. Schanz, D. Castor, F. Fischer, J. Jiricny, Interference of mismatch and base
excision repair during the processing of adjacent U/G mispairs May play a key
role in somatic hypermutation, Proc. Natl. Acad. Sci. 106 (14) (Apr. 2009)
5593-5598, https://doi.org/10.1073/pnas.0901726106.

Y. Feng, et al., FAM72A antagonizes UNG2 to promote mutagenic repair during
antibody maturation, Nature 600 (7888) (Dec. 2021) 324-328, https://doi.org/
10.1038/541586-021-04144-4.

M. Rogier, et al., Fam72a enforces error-prone DNA repair during antibody
diversification, Nature 600 (7888) (Dec. 2021) 329-333, https://doi.org/
10.1038/541586-021-04093-y.

P. Barbulescu, et al., FAM72A degrades UNG2 through the GID/CTLH complex to
promote mutagenic repair during antibody maturation, Nat. Commun. 15 (1)
(Aug. 2024) 7541, https://doi.org/10.1038/541467-024-52009-x.

K. Yu, F. Chedin, C.-L. Hsieh, T.E. Wilson, M.R. Lieber, R-loops at
immunoglobulin class switch regions in the chromosomes of stimulated b cells,
Nat. Immunol. 4 (5) (May 2003) 442-451, https://doi.org/10.1038/ni919.

R. Chiarle, et al., Genome-wide translocation sequencing reveals mechanisms of
chromosome breaks and rearrangements in b cells, Cell 147 (1) (Sep. 2011)
107-119, https://doi.org/10.1016/j.cell.2011.07.049.

L.A. Dempsey, H. Sun, L.A. Hanakahi, N. Maizels, G4 DNA binding by LR1 and its
subunits, nucleolin and hnRNP D, a role for G-G pairing in immunoglobulin
switch recombination, J. Biol. Chem. 274 (2) (Jan. 1999) 1066-1071, https://doi.
org/10.1074/jbc.274.2.1066.

Y. Shang, F.-L. Meng, Repair of programmed DNA lesions in antibody class switch
recombination: common and unique features, Genome Instab. Dis. 2 (2) (2021)
115-125, https://doi.org/10.1007/s42764-021-00035-0.

C. Murre, A common mechanism that underpins antibody diversification, Cell 163
(5) (Nov. 2015) 1055-1056, https://doi.org/10.1016/j.cell.2015.10.075.

L. Han, S. Masani, K. Yu, Overlapping activation-induced cytidine deaminase
hotspot motifs in ig class-switch recombination, Proc. Natl. Acad. Sci. U. S. A. 108
(28) (Jul. 2011) 11584-11589, https://doi.org/10.1073/pnas.1018726108.
J.E.J. Guikema, et al., APE1- and APE2-dependent DNA breaks in
immunoglobulin class switch recombination, J. Exp. Med. 204 (12) (Nov. 2007)
3017-3026, https://doi.org/10.1084/jem.20071289.

J. Stavnezer, C.E. Schrader, Mismatch repair converts AID-instigated nicks to
double-strand breaks for antibody class-switch recombination, * Trends Genet. 22
(1) (Jan. 2006) 23-28, https://doi.org/10.1016/j.tig.2005.11.002.

A.L. Kenter, Class-switch recombination: after the Dawn of AID, Curr. Opin.
Immunol. 15 (2) (Apr. 2003) 190-198, https://doi.org/10.1016/50952-7915(03)
00018-9.

E.-M. Wiedemann, M. Peycheva, R. Pavri, DNA replication origins in
immunoglobulin switch regions regulate class switch recombination in an R-
Loop-Dependent manner, Cell Rep. 17 (11) (Dec. 2016) 2927-2942, https://doi.
0rg/10.1016/j.celrep.2016.11.041.

C.T. Yan, et al., IgH class switching and translocations use a robust non-classical
end-joining pathway, Nature 449 (7161) (Sep. 2007) 478-482, https://doi.org/
10.1038/nature06020.

C. Boboila, et al., Alternative end-joining catalyzes class switch recombination in
the absence of both Ku70 and DNA ligase 4, J. Exp. Med. 207 (2) (Feb. 2010)
417-427, https://doi.org/10.1084/jem.20092449.

C. Boboila, et al., Alternative end-joining catalyzes robust IgH locus deletions and
translocations in the combined absence of ligase 4 and Ku70, Proc. Natl. Acad.
Sci. 107 (7) (Feb. 2010) 3034-3039, https://doi.org/10.1073/pnas.0915067107.


https://doi.org/10.1038/nri.2016.2
https://doi.org/10.1038/nri.2016.2
https://doi.org/10.1084/jem.20171738
https://doi.org/10.1016/S0065-2776(06)94008-5
https://doi.org/10.1126/science.8235596
https://doi.org/10.1126/science.8235596
https://doi.org/10.3109/07357900009012179
https://doi.org/10.1073/pnas.1201168109
https://doi.org/10.1038/35085588
https://doi.org/10.1038/35085588
https://doi.org/10.1182/blood-2003-05-1465
https://doi.org/10.1172/JCI30842
https://doi.org/10.1016/j.cell.2004.08.006
https://doi.org/10.1016/j.cell.2004.08.006
https://doi.org/10.1038/sj.onc.1204640
https://doi.org/10.1038/sj.onc.1204640
https://doi.org/10.1126/science.6356357
https://doi.org/10.1038/s41588-023-01561-1
https://doi.org/10.1038/s41588-023-01561-1
https://doi.org/10.3109/08916934.2012.749244
https://doi.org/10.1038/nature03147
https://doi.org/10.1038/nature03147
https://doi.org/10.1038/ni1478
https://doi.org/10.1016/j.bcmd.2008.02.003
https://doi.org/10.3389/fimmu.2019.00438
https://doi.org/10.3389/fimmu.2019.00438
https://doi.org/10.4049/jimmunol.171.9.4639
https://doi.org/10.4049/jimmunol.171.9.4639
https://doi.org/10.1016/s0092-8674(02)00706-7
https://doi.org/10.1016/s0092-8674(02)00706-7
https://doi.org/10.1146/annurev.genet.41.110306.130340
https://doi.org/10.1146/annurev.genet.41.110306.130340
https://doi.org/10.1101/cshperspect.a012583
https://doi.org/10.1038/cr.2007.115
https://doi.org/10.1007/s11427-024-2615-1
https://doi.org/10.1016/j.molcel.2023.07.008
https://doi.org/10.1016/j.molcel.2023.07.008
https://doi.org/10.1146/annurev-biochem-062917-012405
https://doi.org/10.1146/annurev-biochem-062917-012405
https://doi.org/10.1073/pnas.0505636102
https://doi.org/10.4049/jimmunol.0901240
https://doi.org/10.4049/jimmunol.0901240
https://doi.org/10.1084/jem.20052227
https://doi.org/10.1002/eji.201243191
https://doi.org/10.1084/jem.20062131
https://doi.org/10.1084/jem.20062131
https://doi.org/10.4049/jimmunol.167.1.327
https://doi.org/10.4049/jimmunol.167.1.327
https://doi.org/10.1084/jem.20080669
https://doi.org/10.1084/jem.20080669
https://doi.org/10.1073/pnas.1405590111
https://doi.org/10.1073/pnas.1405590111
https://doi.org/10.4049/jimmunol.2100946
https://doi.org/10.1126/sciimmunol.ade1167
https://doi.org/10.1016/j.molcel.2004.10.011
https://doi.org/10.1016/j.molcel.2004.10.011
https://doi.org/10.1128/MCB.00647-09
https://doi.org/10.1073/pnas.0901726106
https://doi.org/10.1038/s41586-021-04144-4
https://doi.org/10.1038/s41586-021-04144-4
https://doi.org/10.1038/s41586-021-04093-y
https://doi.org/10.1038/s41586-021-04093-y
https://doi.org/10.1038/s41467-024-52009-x
https://doi.org/10.1038/ni919
https://doi.org/10.1016/j.cell.2011.07.049
https://doi.org/10.1074/jbc.274.2.1066
https://doi.org/10.1074/jbc.274.2.1066
https://doi.org/10.1007/s42764-021-00035-0
https://doi.org/10.1016/j.cell.2015.10.075
https://doi.org/10.1073/pnas.1018726108
https://doi.org/10.1084/jem.20071289
https://doi.org/10.1016/j.tig.2005.11.002
https://doi.org/10.1016/S0952-7915(03)00018-9
https://doi.org/10.1016/S0952-7915(03)00018-9
https://doi.org/10.1016/j.celrep.2016.11.041
https://doi.org/10.1016/j.celrep.2016.11.041
https://doi.org/10.1038/nature06020
https://doi.org/10.1038/nature06020
https://doi.org/10.1084/jem.20092449
https://doi.org/10.1073/pnas.0915067107

M. Berruezo-Llacuna et al.

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

P. Soulas-Sprauel, et al., Role for DNA repair factor XRCC4 in immunoglobulin
class switch recombination, J. Exp. Med. 204 (7) (Jul. 2007) 1717-1727, https://
doi.org/10.1084/jem.20070255.

L. Han, K. Yu, Altered kinetics of nonhomologous end joining and class switch
recombination in ligase IV-deficient b cells, J. Exp. Med. 205 (12) (Nov. 2008)
2745-2753, https://doi.org/10.1084/jem.20081623.

H.H.Y. Chang, N.R. Pannunzio, N. Adachi, M.R. Lieber, Non-homologous DNA
end joining and alternative pathways to double-strand break repair, Nat. Rev.
Mol. Cell Biol. 18 (8) (Aug. 2017) 495-506, https://doi.org/10.1038/
nrm.2017.48.

S. Masani, L. Han, K. Meek, K. Yu, Redundant function of DNA ligase 1 and 3 in
alternative end-joining during immunoglobulin class switch recombination, Proc.
Natl. Acad. Sci. 113 (5) (Feb. 2016) 1261-1266, https://doi.org/10.1073/
pnas.1521630113.

M.P. Longhese, D. Bonetti, N. Manfrini, M. Clerici, Mechanisms and regulation of
DNA end resection, EMBO J. 29 (17) (Sep. 2010) 2864-2874, https://doi.org/
10.1038/emboj.2010.165.

F. Zhao, W. Kim, J.A. Kloeber, Z. Lou, DNA end resection and its role in DNA
replication and DSB repair choice in mammalian cells, Exp. Mol. Med. 52 (10)
(Oct. 2020) 1705-1714, https://doi.org/10.1038/512276-020-00519-1.

J. Chaudhuri, F.W. Alt, Class-switch recombination: interplay of transcription,
DNA deamination and DNA repair, Nat. Rev. Immunol. 4 (7) (Jul. 2004) 541-552,
https://doi.org/10.1038/nri1395.

A. Bothmer, D.F. Robbiani, N. Feldhahn, A. Gazumyan, A. Nussenzweig, M.

C. Nussenzweig, 53BP1 regulates DNA resection and the choice between classical
and alternative end joining during class switch recombination, J. Exp. Med. 207
(4) (Apr. 2010) 855-865, https://doi.org/10.1084/jem.20100244.

A. Bothmer, et al., Regulation of DNA end joining, resection, and immunoglobulin
class switch recombination by 53BP1, Mol. Cell 42 (3) (May 2011) 319-329,
https://doi.org/10.1016/j.molcel.2011.03.019.

A. Bothmer, et al., Mechanism of DNA resection during intrachromosomal
recombination and immunoglobulin class switching, J. Exp. Med. 210 (1) (Dec.
2012) 115-123, https://doi.org/10.1084/jem.20121975.

AK. Ling, et al., SHLD2 promotes class switch recombination by preventing
inactivating deletions within the igh locus, EMBO Rep. 21 (8) (Aug. 2020),
https://doi.org/10.15252/embr.201949823.

M. Zimmermann, F. Lottersberger, S.B. Buonomo, A. Sfeir, T. de Lange, 53BP1
regulates DSB repair using Rifl to control 5’ end resection, Science 339 (6120)
(Feb. 2013) 700-704, https://doi.org/10.1126/science.1231573.

D. Setiaputra, D. Durocher, Shieldin - the protector of DNA ends, EMBO Rep. 20
(5) (May 2019), https://doi.org/10.15252/embr.201847560.

H. Ghezraoui, et al., 53BP1 cooperation with the REV7-shieldin complex
underpins DNA structure-specific NHEJ, Nature 560 (7716) (Aug. 2018)
122-127, https://doi.org/10.1038/541586-018-0362-1.

S.M. Noordermeer, et al., The shieldin complex mediates 53BP1-dependent DNA
repair, Nature 560 (7716) (Aug. 2018) 117-121, https://doi.org/10.1038/
$s41586-018-0340-7.

S. Findlay, et al., SHLD2/FAM35A co-operates with REV7 to coordinate DNA
double-strand break repair pathway choice, EMBO J. 37 (18) (Sep. 2018), https://
doi.org/10.15252/embj.2018100158.

J. Tomida, et al., FAM35A associates with REV7 and modulates DNA damage
responses of normal and BRCA1-defective cells, EMBO J. 37 (12) (Jun. 2018),
https://doi.org/10.15252/embj.201899543.

Z. Mirman, et al., 53BP1-RIF1-shieldin counteracts DSB resection through CST-
and Pola-dependent fill-in, Nature 560 (7716) (Aug. 2018) 112-116, https://doi.
0rg/10.1038/s41586-018-0324-7.

R. Gupta, et al., DNA repair network analysis reveals shieldin as a key regulator of
NHEJ and PARP inhibitor sensitivity, Cell 173 (4) (May 2018) 972-988, https://
doi.org/10.1016/j.cell.2018.03.050.

C. Escribano-Diaz, et al., A cell Cycle-Dependent regulatory circuit composed of
53BP1-RIF1 and BRCA1-CtIP controls DNA repair pathway choice, Mol. Cell 49
(5) (Mar. 2013) 872-883, https://doi.org/10.1016/j.molcel.2013.01.001.

H. Dev, et al., Shieldin complex promotes DNA end-joining and counters
homologous recombination in BRCA1-null cells, Nat. Cell Biol. 20 (8) (Aug. 2018)
954-965, https://doi.org/10.1038/s41556-018-0140-1.

V. Boersma, et al., MAD2L2controls DNA repair at telomeres and DNA breaks by
inhibiting 5’ end resection, Nature 521 (7553) (May 2015) 537-540, https://doi.
org/10.1038/nature14216.

M. Di Virgilio, et al., Rifl prevents resection of DNA breaks and promotes
immunoglobulin class switching, Science 339 (6120) (Feb. 2013) 711-715,
https://doi.org/10.1126/science.1230624.

J.R. Chapman, et al., RIF1 is essential for 53BP1-Dependent nonhomologous end
joining and suppression of DNA Double-Strand break resection, Mol. Cell 49 (5)
(Mar. 2013) 858-871, https://doi.org/10.1016/j.molcel.2013.01.002.

J.P. Manis, J.C. Morales, Z. Xia, J.L. Kutok, F.W. Alt, P.B. Carpenter, 53BP1 links
DNA damage-response pathways to immunoglobulin heavy chain class-switch
recombination, Nat. Immunol. 5 (5) (May 2004) 481-487, https://doi.org/
10.1038/ni1067.

I.M. Ward, et al., 53BP1 is required for class switch recombination, J. Cell Biol.
165 (4) (May 2004) 459-464, https://doi.org/10.1083/jcb.200403021.

B. Reina-San-Martin, J. Chen, A. Nussenzweig, M.C. Nussenzweig, Enhanced
intra-switch region recombination during immunoglobulin class switch
recombination in 53BP1-/- b cells, Eur. J. Immunol. 37 (1) (2007) 235-239,
https://doi.org/10.1002/eji.200636789.

Z. Mirman, N.K. Sasi, A. King, J.R. Chapman, T. de Lange, 53BP1-shieldin-
dependent DSB processing in BRCA1-deficient cells requires CST-Pola—primase

13

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

DNA Repair 153 (2025) 103888

fill-in synthesis, Nat. Cell Biol. 24 (1) (Jan. 2022) 51-61, https://doi.org/
10.1038/541556-021-00812-9.

G. Xu, et al., REV7 counteracts DNA double-strand break resection and affects
PARP inhibition, Nature 521 (7553) (May 2015) 541-544, https://doi.org/
10.1038/nature14328.

S. Gao, et al., An Ob-fold complex controls the repair pathways for DNA double-
strand breaks, Nat. Commun. 9 (1) (Sep. 2018) 3925, https://doi.org/10.1038/
s41467-018-06407-7.

M. Barazas, et al., The CST complex mediates end protection at Double-Strand
breaks and promotes PARP inhibitor sensitivity in BRCA1-Deficient cells, Cell
Rep. 23 (7) (May 2018) 2107-2118, https://doi.org/10.1016/j.
celrep.2018.04.046.

Z. Mirman, T. de Lange, 53BP1: a DSB escort, Genes Dev. 34 (1-2) (Jan. 2020)
7-23, https://doi.org/10.1101/gad.333237.119.

J. Paiano, et al., Role of 53BP1 in end protection and DNA synthesis at DNA
breaks, Genes Dev. 35 (19-20) (Oct. 2021) 1356-1367, https://doi.org/10.1101/
gad.348667.121.

A. King, et al., Shieldin and CST co-orchestrate DNA polymerase-dependent
tailed-end joining reactions independently of 53BP1-governed repair pathway
choice, Nat. Struct. Mol. Biol. 32 (1) (Jan. 2025) 86-97, https://doi.org/10.1038/
541594-024-01381-9.

F. Zhao, et al., ASTE1 promotes shieldin-complex-mediated DNA repair by
attenuating end resection, Nat. Cell Biol. 23 (8) (Aug. 2021) 894-904, https://
doi.org/10.1038/541556-021-00723-9.

Y.J. He, D. Chowdhury, ASTE1 cutting to block DNA end resection, Nat. Cell Biol.
23 (8) (Aug. 2021) 818-819, https://doi.org/10.1038/s41556-021-00731-9.
C.M. Rogers, et al., CTC1-STN1-TEN1 controls DNA break repair pathway choice
via DNA end resection blockade, Science 388 (6749) (May 2025) 881-888,
https://doi.org/10.1126/science.adt3034.

J. Dong, et al., Orientation-specific joining of AID-initiated DNA breaks promotes
antibody class switching, Nature 525 (7567) (Sep. 2015) 134-139, https://doi.
org/10.1038/nature14970.

Z. Ju, et al., Evidence for physical interaction between the immunoglobulin heavy
chain variable region and the 3' regulatory region, J. Biol. Chem. 282 (48) (Nov.
2007) 35169-35178, https://doi.org/10.1074/jbc.M705719200.

R. Wuerffel, et al., S-S synapsis during class switch recombination is promoted by
distantly located transcriptional elements and Activation-Induced deaminase,
Immunity 27 (5) (Nov. 2007) 711-722, https://doi.org/10.1016/j.
immuni.2007.09.007.

X. Zhang, Y. Zhang, Z. Ba, N. Kyritsis, R. Casellas, F.W. Alt, Fundamental roles of
chromatin loop extrusion in antibody class switching, Nature 575 (7782) (Nov.
2019) 385-389, https://doi.org/10.1038/541586-019-1723-0.

S. Feldman, R. Wuerffel, I. Achour, L. Wang, P.B. Carpenter, A.L. Kenter, 53BP1
contributes to igh locus chromatin topology during class switch recombination,
J. Immunol. 198 (6) (Mar. 2017) 2434-2444, https://doi.org/10.4049/
jimmunol.1601947.

P.P. Rocha, et al., A Damage-Independent role for 53BP1 that impacts break order
and igh architecture during class switch recombination, Cell Rep. 16 (1) (Jun.
2016) 48-55, https://doi.org/10.1016/j.celrep.2016.05.073.

X. Liu, et al., ERCC6L2 promotes DNA orientation-specific recombination in
mammalian cells, Cell Res 30 (9) (Sep. 2020) 732-744, https://doi.org/10.1038/
s41422-020-0328-3.

E. Kabrani, T. Saha, M. Di Virgilio, DNA repair and antibody diversification: the
53BP1 paradigm, ’ Trends Immunol. 44 (10) (Oct. 2023) 782-791, https://doi.
org/10.1016/j.it.2023.08.004.

X. Zhang, H.S. Yoon, A.M. Chapdelaine-Williams, N. Kyritsis, F.W. Alt,
Physiological role of the 3'IgH CBEs super-anchor in antibody class switching,
Proc. Natl. Acad. Sci. 118 (3) (Jan. 2021) €2024392118, https://doi.org/
10.1073/pnas.2024392118.

K. Yu, An insulator that regulates chromatin extrusion and class switch
recombination, Proc. Natl. Acad. Sci. 118 (6) (Feb. 2021), https://doi.org/
10.1073/pnas.2026399118.

A.L. Kenter, R. Wuerffel, S. Kumar, F. Grigera, Genomic architecture May
influence recurrent chromosomal translocation frequency in the igh locus, Front.
Immunol. 4 (Dec. 2013) 500, https://doi.org/10.3389/fimmu.2013.00500.

X. Chi, Y. Li, X. Qiu, V(D)J recombination, somatic hypermutation and class
switch recombination of immunoglobulins: mechanism and regulation,
Immunology 160 (3) (Jul. 2020) 233-247, https://doi.org/10.1111/imm.13176.
X. Liu, W. Jiang, R.L. Dubois, K. Yamamoto, Z. Wolner, S. Zha, Overlapping
functions between XLF repair protein and 53BP1 DNA damage response factor in
end joining and lymphocyte development’, Proc. Natl. Acad. Sci. U. S. A. 109 (10)
(Mar. 2012) 3903-3908, https://doi.org/10.1073/PNAS.1120160109/-/
DCSUPPLEMENTAL/PNAS.201120160SI.PDF.

V. Oksenych, et al., Functional redundancy between repair factor XLF and
damage response mediator 53BP1 in V(D)J recombination and DNA repair, Proc.
Natl. Acad. Sci. U. S. A. 109 (7) (Feb. 2012) 2455-2460, https://doi.org/
10.1073/PNAS.1121458109.

L.R. Waters, F.M. Ahsan, D.M. Wolf, O. Shirihai, M.A. Teitell, Initial b cell
activation induces metabolic reprogramming and mitochondrial remodeling,
iScience 5 (Jul. 2018) 99-109, https://doi.org/10.1016/].isci.2018.07.005.

J. Jellusova, R.C. Rickert, A brake for b cell proliferation, BioEssays 39 (11)
(2017), https://doi.org/10.1002/bies.201700079.

J. Jellusova, The role of metabolic checkpoint regulators in b cell survival and
transformation, Immunol. Rev. 295 (1) (May 2020) 39-53, https://doi.org/
10.1111/imr.12855.


https://doi.org/10.1084/jem.20070255
https://doi.org/10.1084/jem.20070255
https://doi.org/10.1084/jem.20081623
https://doi.org/10.1038/nrm.2017.48
https://doi.org/10.1038/nrm.2017.48
https://doi.org/10.1073/pnas.1521630113
https://doi.org/10.1073/pnas.1521630113
https://doi.org/10.1038/emboj.2010.165
https://doi.org/10.1038/emboj.2010.165
https://doi.org/10.1038/s12276-020-00519-1
https://doi.org/10.1038/nri1395
https://doi.org/10.1084/jem.20100244
https://doi.org/10.1016/j.molcel.2011.03.019
https://doi.org/10.1084/jem.20121975
https://doi.org/10.15252/embr.201949823
https://doi.org/10.1126/science.1231573
https://doi.org/10.15252/embr.201847560
https://doi.org/10.1038/s41586-018-0362-1
https://doi.org/10.1038/s41586-018-0340-7
https://doi.org/10.1038/s41586-018-0340-7
https://doi.org/10.15252/embj.2018100158
https://doi.org/10.15252/embj.2018100158
https://doi.org/10.15252/embj.201899543
https://doi.org/10.1038/s41586-018-0324-7
https://doi.org/10.1038/s41586-018-0324-7
https://doi.org/10.1016/j.cell.2018.03.050
https://doi.org/10.1016/j.cell.2018.03.050
https://doi.org/10.1016/j.molcel.2013.01.001
https://doi.org/10.1038/s41556-018-0140-1
https://doi.org/10.1038/nature14216
https://doi.org/10.1038/nature14216
https://doi.org/10.1126/science.1230624
https://doi.org/10.1016/j.molcel.2013.01.002
https://doi.org/10.1038/ni1067
https://doi.org/10.1038/ni1067
https://doi.org/10.1083/jcb.200403021
https://doi.org/10.1002/eji.200636789
https://doi.org/10.1038/s41556-021-00812-9
https://doi.org/10.1038/s41556-021-00812-9
https://doi.org/10.1038/nature14328
https://doi.org/10.1038/nature14328
https://doi.org/10.1038/s41467-018-06407-7
https://doi.org/10.1038/s41467-018-06407-7
https://doi.org/10.1016/j.celrep.2018.04.046
https://doi.org/10.1016/j.celrep.2018.04.046
https://doi.org/10.1101/gad.333237.119
https://doi.org/10.1101/gad.348667.121
https://doi.org/10.1101/gad.348667.121
https://doi.org/10.1038/s41594-024-01381-9
https://doi.org/10.1038/s41594-024-01381-9
https://doi.org/10.1038/s41556-021-00723-9
https://doi.org/10.1038/s41556-021-00723-9
https://doi.org/10.1038/s41556-021-00731-9
https://doi.org/10.1126/science.adt3034
https://doi.org/10.1038/nature14970
https://doi.org/10.1038/nature14970
https://doi.org/10.1074/jbc.M705719200
https://doi.org/10.1016/j.immuni.2007.09.007
https://doi.org/10.1016/j.immuni.2007.09.007
https://doi.org/10.1038/s41586-019-1723-0
https://doi.org/10.4049/jimmunol.1601947
https://doi.org/10.4049/jimmunol.1601947
https://doi.org/10.1016/j.celrep.2016.05.073
https://doi.org/10.1038/s41422-020-0328-3
https://doi.org/10.1038/s41422-020-0328-3
https://doi.org/10.1016/j.it.2023.08.004
https://doi.org/10.1016/j.it.2023.08.004
https://doi.org/10.1073/pnas.2024392118
https://doi.org/10.1073/pnas.2024392118
https://doi.org/10.1073/pnas.2026399118
https://doi.org/10.1073/pnas.2026399118
https://doi.org/10.3389/fimmu.2013.00500
https://doi.org/10.1111/imm.13176
https://doi.org/10.1073/PNAS.1120160109/-/DCSUPPLEMENTAL/PNAS.201120160SI.PDF
https://doi.org/10.1073/PNAS.1120160109/-/DCSUPPLEMENTAL/PNAS.201120160SI.PDF
https://doi.org/10.1073/PNAS.1121458109
https://doi.org/10.1073/PNAS.1121458109
https://doi.org/10.1016/j.isci.2018.07.005
https://doi.org/10.1002/bies.201700079
https://doi.org/10.1111/imr.12855
https://doi.org/10.1111/imr.12855

M. Berruezo-Llacuna et al.

[184]

[185]

[186]

[187]

[188]

B. Pilzecker, et al., PrimPol prevents APOBEC/AID family mediated DNA
mutagenesis, Nucleic Acids Res 44 (10) (Jun. 2016) 47344744, https://doi.org/
10.1093/nar/gkw123.

L. Wu, et al., HMCES protects immunoglobulin genes specifically from deletions
during somatic hypermutation, Genes Dev. 36 (7-8) (Jan. 2022) 433-450,
https://doi.org/10.1101/gad.349438.122.

B. Laffleur, U. Basu, J. Lim, RNA exosome and Non-coding RNA-Coupled
mechanisms in AID-Mediated genomic alterations, J. Mol. Biol. 429 (21) (Oct.
2017) 3230-3241, https://doi.org/10.1016/j.jmb.2016.12.021.

B. Laffleur, et al., Noncoding RNA processing by DIS3 regulates chromosomal
architecture and somatic hypermutation in b cells, Nat. Genet 53 (2) (Feb. 2021)
230-242, https://doi.org/10.1038/541588-020-00772-0.

L. Nair, et al., Mechanism of noncoding RNA-associated N6-methyladenosine
recognition by an RNA processing complex during IgH DNA recombination, Mol.

14

[189]

[190]

[191]

[192]

DNA Repair 153 (2025) 103888

Cell 81 (19) (Oct. 2021) 3949-3964.€7, https://doi.org/10.1016/j.
molcel.2021.07.037.

AM. Refaat, M. Nakata, A. Husain, H. Kosako, T. Honjo, N.A. Begum, HNRNPU
facilitates antibody class-switch recombination through C-NHEJ promotion and
R-loop suppression, Cell Rep. 42 (3) (Mar. 2023), https://doi.org/10.1016/j.
celrep.2023.112284.

I.A. Klein, et al., Translocation-Capture sequencing reveals the extent and nature
of chromosomal rearrangements in b lymphocytes, Cell 147 (1) (Sep. 2011)
95-106, https://doi.org/10.1016/j.cell.2011.07.048.

F.-L. Meng, et al., Convergent transcription at intragenic super-enhancers targets
AlD-initiated genomic instability, Cell 159 (7) (Dec. 2014) 1538-1548, https://
doi.org/10.1016/j.cell.2014.11.014.

Z. Lu, et al., BCL6 breaks occur at different AID sequence motifs in Ig-BCL6 and
non-Ig-BCL6 rearrangements, Blood 121 (22) (May 2013) 4551-4554, https://
doi.org/10.1182/blood-2012-10-464958.


https://doi.org/10.1093/nar/gkw123
https://doi.org/10.1093/nar/gkw123
https://doi.org/10.1101/gad.349438.122
https://doi.org/10.1016/j.jmb.2016.12.021
https://doi.org/10.1038/s41588-020-00772-0
https://doi.org/10.1016/j.molcel.2021.07.037
https://doi.org/10.1016/j.molcel.2021.07.037
https://doi.org/10.1016/j.celrep.2023.112284
https://doi.org/10.1016/j.celrep.2023.112284
https://doi.org/10.1016/j.cell.2011.07.048
https://doi.org/10.1016/j.cell.2014.11.014
https://doi.org/10.1016/j.cell.2014.11.014
https://doi.org/10.1182/blood-2012-10-464958
https://doi.org/10.1182/blood-2012-10-464958

	The B cell dilemma: Diversity or fidelity?
	1 Antibody gene diversification during B cell development and maturation
	2 Keeping V(D)J recombination in check
	3 From RAG cleavage to repair commitment
	4 Secondary antibody diversification and its genomic risks
	5 Mutagenic repair during SHM
	6 Generation of DSBs at switch regions during CSR
	7 Productive versus aberrant repair of S region DSBs
	8 Chromatin-driven deletional bias in CSR
	9 Concluding remarks
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	References


