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CLASS-SWITCH RECOMBINATION:
INTERPLAY OF TRANSCRIPTION,
DNA DEAMINATION AND DNA REPAIR

Jayanta Chaudhuri and Frederick W. Alt

The great diversity of antigen receptors that is produced
by the mammalian immune system depends on the
unique ability of B and T cells to somatically alter their
genomes. B cells are particularly remarkable in that
they can undergo three distinct genetic alterations.
Developing B-lineage cells in the bone marrow or foetal
liver assemble the exons that encode immunoglobulin
heavy-chain (IgH) and light-chain (IgL) variable regions
from component variable (V), diversity (D) and joining
(J) segments, through a process known as V(D)] recom-
bination. This site-directed, antigen-independent
recombination event is initiated by the sequence-specific
recombination-activating gene 1 (RAG1)-RAG2 endo-
nuclease complex and is completed by components of
the Non-HOMOLOGOUS END-JOINING (NHE]) machinery"?.
Productive assembly of IgH and IgL V-region exons
allows the expression of IgH and IgL chains as cell-
surface IgM by newly generated B cells. IgM* B cells
migrate to secondary lymphoid organs (for example,
the spleen and lymph nodes), where they can undergo
further antigen-driven immunoglobulin-gene diversi-
fication through somatic hypermutation (SHM) and
class-switch recombination (CSR) (FIG. 1).

SHM introduces point mutations at high rates, into
the V-region exons of both IgH and IgL genes, and this
enables the selection of B cells that produce higher-
affinity antibodies™*. By contrast, CSR exchanges the

Class-switch recombination (CSR) of immunoglobulin heavy chains is the genetic process
by which a B cell switches from the production of IgM to the production of IgG, IgE or IgA.
Although the general characteristics of CSR have been known for some time, the detailed
molecular mechanism of this process is only now emerging. CSR is unique, in that it seems
to involve transcription-generated, higher-order RNA-DNA structures, specific DNA
deamination and several DNA-repair pathways. In this review, we discuss our current
knowledge of the mechanism of CSR and highlight the important unanswered questions.

initially expressed IgH constant (C)-region (CuL) exons
for an alternative set of downstream IgH C-region
exons, such as Cy, Ca or Cg, known as Cy; genes.
Therefore, CSR allows the expression of antibodies
that have the same antigen specificity but are of a sec-
ondary IgH isotype (IgG, IgA or IgE) and thereby have
a different effector function®®. Despite being distinct
processes targeted to distinct immunoglobulin regions
(TABLE 1), CSR and SHM are similar in that they both
occur in antigen-stimulated B cells, require transcrip-
tion through the target region and require the activated
B-cell-specific enzyme activation-induced cytidine
deaminase (AID)*.

The mouse immunoglobulin locus contains eight
Cy genes, which encode proteins that are capable of
different effector functions. Each Cy; gene, except C§,
is preceded by specialized DNA sequences called
switch (S) regions. CSR involves a recombination
event between two S regions, with the intervening
sequences, including Cy, being deleted. As a result,
the VD] exon is juxtaposed with a different down-
stream Cy; gene>® (FIG. 1). Mechanistically, CSR is a
deletional recombination reaction that, similar to
V(D)]J recombination, could best be explained by a
‘cut and paste’ mechanism, in which breaks are intro-
duced to the DNA of the two participating S regions
followed by their fusion. However, CSR differs from
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CYTOKINES

Biologically active molecules
that are released by cells and
affect the function of other cells.
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Figure 1 | Rearrangement at the immunoglobulin heavy-chain locus. The variable region of the immunoglobulin heavy chain
is assembled from component variable (V,,), diversity (D,), and joining (J;) gene segments by V(D)J recombination. The process of
rearrangement involves cleavage of the recombination signal sequences in the DNA, which flank the rearranging gene segments,
which is carried out by the recombination-activating gene 1 (RAG1)-RAG2 complex. Joining of the DNA ends requires non-
homologous end-joining (NHEJ) proteins, including Ku70, Ku80, ARTEMIS, X-ray repair cross-complementing protein 4 (XRCC4),
DNA ligase IV and the catalytic subunit of DNA-dependent protein kinase (DNA-PKcs). Transcription across the locus is driven

by a promoter upstream of the rearranged VDJ segment (blue arrow), which facilitates the synthesis of a u heavy chain. This then
associates with a light chain, thereby forming an IgM molecule, which is displayed on the cell-surface of a B cell. Subsequently,
secondary isotypes are produced by class-switch recombination (CSR), a process that exchanges the constant region of the heavy
chain (C,;) with a set of downstream constant-region genes (CSR to IgE is shown). This deletional-recombination reaction, which
requires the enzyme activation-induced cytidine deaminase (AID), involves the generation of DNA breaks at switch (S) regions,
which precede the constant-region genes, followed by the repair of DNA. This leads to a rearranged C,, locus and deletion of the
intervening sequence as an episomal circle. Cytokines stimulate transcription (red arrows) through the C,; gene and determine

the immunoglobulin isotype that the B cell will switch to. The rearranged variable regions of both the heavy and light chains also
undergo a high rate of point mutation through the process of somatic hypermutation (SHM) (not shown). The Ep and 3’-regulatory-
region (3" RR) enhancers influence V(D)J recombination and CSR, respectively.

V(D)J recombination in several ways: first, CSR does
not require RAG®, and second, CSR has no well-defined
consensus target sequence’.

Recent studies have indicated a working model for
the initiation of CSR, in which transcription through
the S regions renders these regions substrates for modi-
fication by AID'*!". Other work has implicated several
DNA-repair pathways in the processing and joining of
AlID-initiated S-region breaks that complete CSR'?. In
this context, several lines of evidence indicate that CSR
uses a DNA double-stranded-break (DSB) intermedi-
ate>®. In this review, we discuss the current understand-
ing of CSR and the role of S regions, transcription, AID,
DSBs and DNA-repair proteins.

Transcription-generated S-region structures

S regions consist of highly repetitive 1-12-kilobase (Kb)
sequences with G-rich non-template strands'. The
S-region repeats can be divided into two general cate-
gories: S, Sovand Se are composed of variations of pen-
tameric sequences, whereas Syl, Sy2a, Sy2b and Sy3
mostly contain 49-52-base-pair repeats (FIG. 2a). Deletion

of most of the Sy region has been shown to severely
impair CSR to downstream Cy; genes', whereas deletion
of the entire Syl region essentially blocks switching to
IgG1 (REE 10), indicating that the S regions are specialized
targets for the CSR process. However, there are certain
caveats associated with this interpretation, as neither
S-region-deletion study replaced the deleted sequences
with an unrelated sequence of equal size.

Transcription through a particular S region is
required for CSR to the corresponding Cy; gene®. In
response to specific activators and cYTOKINES (TABLE2),
transcription is initiated from an activation/cytokine-
responsive promoter upstream of an exon (known as
the I exon) that precedes all C;; genes that undergo CSR
(FIG. 2b). Transcription proceeds through the S region and
terminates downstream of the corresponding C,; gene.
The primary transcript is spliced to remove the intronic
S region and to join the I exon to the C,; exons, produc-
ing a seemingly non-coding transcript’ (FIG. 2b). This
requirement for transcription and transcription-control
elements for CSR has been demonstrated directly in
gene-targeting experiments, in which deletion of I-exon
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Table 1| Main differences between CSR and SHM

Parameters SHM

Target

Transcription-generated

structures other structures?
AID activity Single deaminated residue
can lead to SHM
Completion Replication across deaminated

residue can lead to SHM; intermediates

Variable-region coding DNA in
both the heavy and light chains

Transient transcription bubbles,

CSR

Switch-region non-coding DNA
in the constant region of heavy chains

Stable RNA-DNA hyfbrids,
other structures?

High density of deamination might
be required, at least in one strand

Probably requires DSB

probably does not require

DSB intermediates

AID, activation-induced cytidine deaminase; CSR, class-switch recombination; DSB, double-stranded break; SHM, somatic hypermutation.

promoters or certain 3’ [gH-enhancer elements abol-
ished or greatly reduced germline transcription of the
corresponding Cy; genes and CSR to these genes™'.
Furthermore, constitutively active heterologous promot-
ers inserted in place of endogenous I-region promoters
can also drive CSR>'¢. Therefore, transcription directly
influences CSR.

The role of germline transcription in CSR has long
been a subject of speculation. Transcription has been
postulated to function at several non-mutually exclu-
sive levels, including rendering S-region chromatin
structures accessible to the enzymes involved in
CSR'”'® and generating DNA structures able to be sub-
strates of a CSR recombinase!*~?2, Support for the
DNA-structure model arises from the notable feature
of all mammalian S regions — that the non-template
strand is G-rich. Moreover, when S regions are tran-
scribed in vitro in the normal physiological orienta-
tion, the transcripts stably associate with the template
strand of the DNA to form RNA-DNA hybrids'***
(FIG. 2¢). More recently, these RNA-DNA hybrids were
demonstrated to form R loops, in which the displaced
non-template strand exists as single-stranded (ss)
DNA, both in vitro** and in vivo®. Theoretically, the
non-template strand of the RNA-DNA hybrid could
assume other structures in addition to being single-
stranded in R loops: for example, stem loops, from the
abundant palindromic motifs in S regions®, or parallel
four-stranded guanosine quartets, stabilized by
Hoogstein pairing between G residues®”? (FIG. 2¢).
However, although these latter structures have been
postulated to have a role in CSR??, there is no direct
evidence to support this hypothesis, and the existence
of stem loop and G-quartet structures during in vivo
CSR has not been demonstrated.

Thermodynamic properties predict that stable
R loops should form only when mammalian S regions
are transcribed in the physiological orientation®, and this
prediction has been confirmed by in vitro-transcription
studies'”*. Therefore, if RNA-DNA hybrids have a
mechanistic role in CSR, the transcriptional orientation
of S regions should influence CSR considerably. Studies
carried out using extrachromosomal substrates have
provided the initial evidence that recombination at
S regions is orientation dependent?'; although this idea
has been challenged by other studies that used chromo-
somally integrated, short S-region substrates®. Recent

studies directly examined orientation in vivo and found
that inversion of the 12-Kb Sy1 significantly reduced
CSR to IgG1, although it was not completely abolished™.
In addition, a random synthetic 1-Kb sequence that was
G-rich on the non-template strand and formed R loops
in vitro, but lacked the characteristic S-region repeat
elements, could replace native Syl in supporting CSR
in vivo, although at a reduced level. Importantly, the
activity of this synthetic sequence was again dependent
on transcriptional orientation, because it targeted
almost no CSR activity when in the inverted (C-rich),
non-R-loop forming configuration'. These findings
provided evidence for the orientation dependence of
S-region transcription in vivo and led to the proposal
that transcription-generated DNA structures, in particu-
lar ssDNA, might be substrates for the enzymes involved
in CSR". In addition, the finding that CSR can be sup-
ported by a synthetic G-rich sequence with no repeat
motifs characteristic of endogenous Syl provides further
evidence that not only primary S-region structures
but also higher-order secondary structures have an
important role in targeting CSR.

The finding that inverted Syl supports some CSR
(25% of the normal level), even though this orientation
does not lead to readily detectable R-loop formation,
indicates that other mechanisms might exist to reveal
ssDNA structures during CSR'. Consistent with this,
Xenopus S regions are (A+T)-rich®' so would not be pre-
dicted to show extensively displaced non-template
ssDNA strands. However, similar to mammalian
S regions, Xenopus S regions are rich in palindromic
repeats, which if rendered single-stranded, could form
stem loops. Indeed, recombination breakpoints in
Xenopus S regions are observed frequently at positions
where a computer program, which models ssDNA
folding, predicts a transition from a stem to a loop struc-
ture®'. Consistent with this, sequences with the potential
to form palindromes supported low-level recombination
within substrates introduced into cell lines*. Notably,
other work has implicated transcriptionally generated
ssDNA substrates as having a role in targeting SHM to
sequences that do not form R loops***, indicating addi-
tional, potentially factor-dependent mechanisms for
generating substrates that do not readily reveal extensive
ssDNA structures. Given that the initiating enzyme, AID,
is the same for SHM and CSR, this finding might also
have implications for this aspect of CSR. In support of
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RGYW MOTIFS

The nucleotide sequence RGYW
(where R denotes A or G, Y
denotes C or T, and W denotes
AorT) is considered a ‘hot spot’
for somatic hypermutation, as

it is considerably more mutable
than other random sequences.

a
Region Non-template strand Repeat Approximate total
length (bp) length of core (bp)
Su GAGACTGAGCTGGGGTAGCT 10-40 3.2
SY3 GGGGACCAGGCTGGGGCAGCTCTNGGGGAGCTGGGGTAGGTTGGGAGTGT 49 2.5
Syl GGTGACCCAGCAGAGCAGCTCCAGGGGCGCCAGGACAGGTGGAAGTGT 49 12.0
Sy2b AGGGGACCAGWCCTAGCAGCTRTGGGGGAGCTGGGGAWGGTGGGAATGTG 49 5.0
Sy2a GGGACCAGGCAGTACAGCTCTGGGTRGGGRNCAGGCAGTACAGCTCTGNGTG 52 2.5
Se GGGCTGGGCTGAGCTGRGCTGAGCTGRGCTGAGCTRARNT 40-50 1.0
Sa ATGAGCTGGGATGRRCTGAGCTAGGCTGGAATAGGCTGGGCTGGGCTG 80 4.2
GTGTGAGCTGGGTTAGGCTGAGCTGAGCTGGA
b c
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Figure 2 | Switch-region sequence, transcription and transcription-generated structures in CSR. a | The switch (S)-region
repeat elements, which are similar but not identical to each other, are shown. All S regions are G-rich in the non-template (top) strand.
N, any nucleotide; R, a purine; W, A or T: Y, a pyrimidine. The table has been compiled from previous studies'®. b | The heavy-chain
constant-region (C,) genes are transcription units, in which transcription initiates from cytokine-inducible I-promoters (P) upstream

of the I-exon (l) and proceeds through S regions and the C,; exons. The primary transcript is processed to generate mature germline
transcripts that do not code for proteins. ¢ | S-region transcripts can stably associate with the template strand to form RNA-DNA
hybrids, in which the non-template strand can theoretically assume several structures (including G quartets or stem loops) or can
remain single stranded (R loops). Although R loops have been detected in vivo and are strongly implicated to have a mechanistic role,
at present, there is no direct experimental evidence for the formation of stem loops and G-quartet structures in vivo. AID, activation-
induced cytokine deaminase; bp, base pairs; RPA, replication protein A; UNG, uracil-DNA glycosylase; x, any constant-region gene.

this, in Xenopus S regions, the areas where most CSR
breakpoints occur are rich in reyw Morirs, which are also
‘hot spots’ for SHM?'. Therefore, these sequences might
function somehow to target AID activity in both pro-
cesses. In this regard, recent studies have implicated
replication protein A (RPA), a ssDNA-binding protein,
as a factor that can target AID to transcribed sequences in
the context of RGYW motifs (Chaudhuri, J., Khong, C.
& Alt, . W,, unpublished observations). Overall, current
findings indicate that transcription might function in the
context of various sequence motifs, and several mecha-
nisms might exist to provide ssDNA substrates that are
probably the targets of AID activity.

The Function of AID in CSR

AID and DNA deamination. The AID cDNA was
cloned from a subtractive screen for genes that were
upregulated in a B-cell line induced to undergo CSR*.

AID is only expressed by activated B cells*® and is essen-
tial for CSR and SHM?**%. Ectopic AID expression by
non-lymphoid cells enabled CSR and SHM on artificial
substrates®™, implicating AID as the only lymphoid-
specific factor required for these processes. However, the
efficiency of CSR was low in these ectopic-expression
studies, and whereas SHM is restricted primarily to V
genes in B cells, several transcribed DNA sequences were
shown to serve as AID substrates during SHM in non-
lymphoid cells, implying that additional factors might
be required for the efficiency and specificity of CSR and
SHM. AID shares sequence homology with the RNA-
editing cytidine deaminase APOBECI (apolipoprotein
B mRNA-editing enzyme, catalytic polypeptide 1),
which led to initial speculation that AID edits an mRNA
such that it encodes a novel protein required to activate
CSR and SHM?** (FIG. 3). Although this is still consid-
ered a possibility by some*!, no direct experimental
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LIGATION-MEDIATED PCR
(LM-PCR). This method, which
involves the ligation of
unphosphorylated adaptors to
broken DNA followed by PCR,
can detect DNA double-
stranded breaks in defined
regions of the genome. It has
been used extensively to analyse
recombination-activating gene
(RAG)-dependent breaks during
V(D)] recombination, and more
recently, in variable (V) gene
segments and switch (S) regions
during somatic hypermutation
and class-switch recombination,
respectively.

Table 2 | In vitro activation of CSR

Cytokine lg isotype
LPS IgG2b, 1gG3
LPS and IL-4 lgG1, IgE
CD40-specific antibody and IL-4 lgG1, IgE
LPS and IFN-y lgG2a

LPS, TGF-B and IL-5 IgA

CSR, class-switch recombination; IFN, interferon; IL, interleukin;
LPS, lipopolysaccharide; TGF, transforming growth factor

evidence has been obtained to support the RNA-editing
activity of AID. Moreover, it now seems that APOBEC1
is an outlier in a family of DNA-cytidine deaminases
that evolved to mediate innate immunity*. Therefore,
for the remainder of the review, we focus on AID as a
DNA-modifying enzyme, because this activity has been
clearly documented.

Several lines of evidence indicate that AID acts
directly on DNA as a DNA-cytidine deaminase. First,
enforced expression of AID in Escherichia coli, which are
not expected to contain any putative mRNA substrates
of AID, induced mutations in several bacterial genes®.
Second, in vitro studies showed that purified AID is a
ssDNA deaminase that converts deoxycytidine residues
to deoxyuridine on target DNA!*344 Tast, chromatin-
immunoprecipitation experiments demonstrated that
ectopically expressed AID is directly associated with the
transcribed S-region DNA in cells that are undergoing
CSR*. The finding that AID deaminates only ssDNA
in vitro supports the argument that CSR might be
enhanced by ssDNA targets, such as those provided by
R-loop formation. Indeed, the G-rich DNA that sup-
ported CSR in vivo'®was efficiently deaminated by AID
in vitro, mainly on the non-template strand (that is the
ssDNA of the R loop), when the reaction was coupled to
transcription. Conversely, C-rich DNA that did not target
CSR in vivo was a poor AID substrate when transcribed
in vitro''. Overall, the current findings provide a plausible
model by which transcription through mammalian S
regions could generate ssDNA R-loop substrates for the
cytidine deaminase activity of AID and thereby generate
the initiating DNA lesion that is ultimately processed into
a DNA break in the S region. In addition, it is probable
that there are factors that function in the context of tran-
scription of non-R-loop-forming sequences to generate
ssDNA structures that are also AID targets, potentially
focusing somehow on RGYW motifs for SHM.
Moreover, such a mechanism might also function in CSR,
in conjunction with R-loop formation in mammalian S
regions (perhaps to target the template strand), or in
place of R loops for Xenopus S regions.

DNA DSBs in CSR. The generation of an episomal circle
in CSR strongly suggests that CSR proceeds through
DNA DSB intermediates. Indeed, in LIGATION-MEDIATED PCR
(LM-PCR) assays, DSBs have been detected in S
regions**%, and these appear to be AID dependent*. In
addition, the foci of the phosphorylated histone H2AX
(y-H2AX), which form around DNA DSBs*’, occur at
the IgH locus in an AID-dependent fashion in B cells

that are activated for CSR™. A deficiency in H2AX also
leads to S-region translocations®'. Furthermore, a defi-
ciency in p53-binding protein 1 (53BP1), an early com-
ponent of the DSB response, severely impairs CSR>%.
Finally, some components of the NHE] pathway, Ku and
the catalytic subunit of DNA-dependent protein kinase,
DNA-PKcs, are required for effective CSR in vivo, which
also indicates a role for DSB intermediates®>°.
Although such evidence points strongly to the involve-
ment of DSB intermediates in CSR, this interpretation
requires some caution. LM-PCR studies have detected
DSBs in V genes, both in the presence and absence of
AID>*%8 and although y-H2AX foci clearly form at the
IgH locus in B cells undergoing CSR, it has not been for-
mally proven that this occurs in response to DSBs in
S regions, rather than other regions of the IgH locus™.
However, despite these potential caveats, all available
data are consistent with the idea that CSR proceeds
through DSB intermediates.

Given that DSBs are essential intermediates in
CSR, how does AID-mediated DNA deamination lead
to DSBs? It was proposed that during CSR, the AID-
introduced deoxyuridine in S-region DNA is removed
by the base-excision-repair (BER) enzyme uracil-
DNA glycosylase (UNG) to generate an abasic site, the
processing of which, by the apurinic/apyrimidinic
endonuclease 1 (APEL), creates a nick®. A closely
spaced, similarly created nick on the opposite strand
could lead to a staggered DSB. In addition, the
deoxyuridine—deoxyguanosine mismatch could also
be processed by components of the mismatch repair
(MMR) machinery to generate staggered DSBs*.
Accordingly, both UNG deficiency®**' and MMR defi-
ciency®** result in CSR defects. Therefore, deami-
nated DNA might be processed by several DNA-repair
pathways, which ultimately lead to the generation of a
DNA DSB (FIG. 4).

The AID-UNG-APEI1 pathway for the generation
of DSBs predicts that AID needs to deaminate both
the template and the non-template strands during
CSR. In vitro studies using a G-rich synthetic substrate
showed that although the non-template ssDNA is the
preferred AID substrate, the template strand is also
deaminated'!. How the template strand is rendered a
substrate is not known, but several mechanisms have
been considered. One possibility is that AID acts at
ssDNA exposed by the transition between duplex
DNA and the R-loop structure®. In addition, it has
been proposed that collapse of R loops, perhaps sec-
ondary to RNA removal by RNase H, could lead to
misalignment of repeats on opposite strands, leading
to single-stranded loops on both the template and the
non-template strands of the DNA®. Furthermore,
there must be mechanisms other than R loops that
allow AID to have access to the DNA (discussed ear-
lier); this includes the possibility that additional fac-
tors, such as RPA, target AID to non-R-loop-forming
sequences in the context of transcription-coupled
mechanisms. In theory, several mechanisms could
work together to generate lesions on both S-region
strands. For this to occur, a mechanism that generates a
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Figure 3 | AID and DNA deamination. a | The primary structure of activation-induced cytidine
deaminase (AID) is shown, depicting the nuclear-localization sequence (NLS), nuclear-export
sequence (NES) and other predicted domains based on the structure of apolipoprotein B
mRNA-editing enzyme, catalytic polypeptide 1 (APOBEC1)!%. Some of the mutations that
affect AID function are shown: mutations in the active site and linker region (blue arrows) impair
both class-switch recombination (CSR) and somatic hypermutation (SHM), whereas those at
the carboxyl (C)-terminus (orange arrows) and a ten amino-acid C-terminal deletion (not
shown) impair CSR without affecting SHM. N, amino terminus. b | Mechanism of cytidine
deamination, based on a bacterial cytidine deaminase that is homologous to APOBEC1 and
AID. The reaction proceeds through a direct nucleophilic attack at position 4 of the pyrimidine
ring by zinc ions (Zn%*) coordinated with AID'2,

high density of nicks on one strand (for example, by
R-loop formation) would only require a mechanism
that generates a low density of nicks on the other strand,
to allow formation of a set of closely opposing nicks that
would create a DSB (FIG. 5).

Processing of DSBs during CSR. Irrespective of the
process that generates AID substrates, the deamination
model predicts that most DSBs would result from stag-
gered cleavages. Indeed, studies using LM-PCR assays
have indicated that most AID-dependent Sy lesions are
staggered single-stranded breaks®. Such lesions might
need to be filled or resected to generate blunt DSBs or
overhangs short enough for efficient ligation®. This
could be achieved by either nuclease-mediated recession
or fill-in through short-patch DNA synthesis, using
error-prone polymerases, and could potentially account
for the deletions and mutations observed at S-region
junctions’ (FIG.4). Consistent with this, the absence of
the error-prone polymerase 7 has been shown to affect
the mutation profile of S-region junctions”. The MMR
protein mutS homologue 2 (MSH2) has also been
implicated in end processing during CSR®*468¢° and
because yeast MSH2 homologues can recruit nucle-
ases, such as the RAD1-RAD10 complex, to cleave
branched intermediates’, it is possible that MSH2
could similarly recruit the mammalian homologues of
RAD1 and RAD10, the ERCCI-XPF complex (excision
repair cross-complementing protein 1-xeroderma pig-
mentosum, complementation group F), in B cells to
process DNA ends. Both ERCC1-XPF and XPG (xero-
derma pigmentosum, complementation group G) have
been speculated to participate in CSR as a result of their

SYNAPSIS

Non-covalent juxtaposition
of two non-adjacent stretches
of DNA.

ability to cleave ssDNA in transcribed S regions in vitro™.
However, mutations in XPF or in XPG do not have a
readily detectable effect on the rate of CSR”"%
although this finding does not rule out redundancy
with other repair pathways.

Cell-cycle regulation of CSR

V(D)J recombination occurs in the G1 phase of the cell
cycle where NHE] is the main DSB-repair pathway', and
understanding the point at which CSR occurs in the cell
cycle is crucial for elucidating its mechanism. CSR
requires proliferation”, and inhibitors of DNA synthesis
block CSR, indicating a role for progression into S phase
and/or replication's. In this context, H2AX deficiency
on a p53-mutant background leads to B-lineage
tumours with S-region translocations that might have
been initiated in S phase®'. By contrast, on the basis of
the point in the cell cycle at which AID-dependent,
IgH-associated y-H2AX foci appear in B cells activated
for CSR, it has been argued that AID deamination and
generation of CSR DSBs occurs in G1 (REE 50). We note
that none of the existing pieces of evidence relevant to
the cell-cycle dependence of CSR are mutually exclusive,
and it is not impossible that processing of lesions initi-
ated in G1 might occur in S phase. In terms of the
mechanism, replication, if involved, might function to
convert single-stranded S-region nicks into DSBs”.
Alternatively, CSR might use pathways or factors that
are only active, or mainly active, in a particular phase
of the cell cycle. Additional work on this important
aspect of CSR is required.

Switch region synapsis

Internal deletions in S in the absence of CSR. CSR
involves recombination between two S regions, and an
efficient recombination reaction probably requires
close juxtaposition, or synapsis, between the two recom-
bining sequences. During V(D)]J recombination, the
RAG1-RAG?2 endonuclease complex cleaves its recog-
nition sites only in the context of a preformed synaptic
complex involving two complementary RAG-recognition
signal sequences'. For CSR, coordinate interaction
between two different donor and acceptor S regions
does not seem to be required to target AID activity, as
indicated by the observation that constitutively tran-
scribed SpL or SY2b regions integrated randomly into a
pro-B cell line undergo a high rate of internal deletions
following AID expression’.

In splenic B cells and in B-cell lines activated to
undergo CSR, large deletions occur frequently within
the endogenous Sp region”7 (FIG. 5). These deletions
are AID-dependent and therefore seem to represent
the same general process as CSR”>; however, there
has been no direct demonstration that the Sy breaks
that lead to internal deletions are the same as those
channelled into CSR with a downstream S region. In
theory, unique structural or transcriptional properties
of Su (for example, proximity to the Ep intronic
enhancer) render it a preferred AID substrate, with
AID-targeting to downstream S regions constituting
the rate-limiting step in CSR’®. Therefore, in the
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Figure 4 | Generation of DNA double strand breaks in S regions. Activation-induced
cytidine deaminase (AID) deaminates cytidine residues in DNA converting them to uridine
residues. The G-U mismatch can then be processed by either the base-excision repair
(BER) pathway or the mismatch-repair (MMR) machinery — which includes the mutS
homologue 1 (MSH1), MSHB6, exonuclease 1 (EXO1), mutL homologue 1 (MLH1) and post-
mitotic segregation (PMS) proteins — to introduce gaps or nicks on opposite strands of the
switch (S)-region DNA. The nicks induced by the BER pathway are thought to be generated
by the following process: uracil-DNA glycosylase (UNG) removes the AlD-introduced
deoxyuridine in S-region DNA, creating an abasic site (blue circles) that is processed by the
apurinic/apyrimidinic endonuclease 1 (APE1), which creates the nick. Processing of the
staggered ends by unknown exonucleases or by error-prone end-filling reactions (orange
lines) can lead to blunt double-stranded breaks (DSBs) that can then be ligated to similarly
created breaks on downstream S-region DNA to complete class-switch recombination (CSR).

absence of an acceptor S region, DSB Sp lesions would
be resolved by intra-S-region recombination, leading
to internal Sy deletions. Alternatively, when the accep-
tor S region DSBs are available, Su breaks could be
efficiently channelled into a genuine CSR reaction.
This scenario is consistent with the observation that
downstream S-region deletions, in the absence of pro-
ductive CSR, have rarely been observed”, unless S
was effectively inhibited from being a donor”.

DSB response and other factors potentially involved in
synapsis. Several proteins have been potentially impli-
cated in S-region synapsis. Deficiency in H2AX
reduces CSR by 50-809%°%’, but mutations and dele-
tions within SpL occur at normal levels, indicating that
targeting of AID to Sy and assembly of DNA-repair
components is not affected and that the CSR defect
might be due to an inability to synapse Su breaks with
downstream S regions”. In this regard, y-H2AX has
been proposed to function as an anchor to recruit and
assemble lattices of DNA-repair factors at sites of DSBs
and thereby to hold broken chromosomal ends in
close proximity to allow proper NHEJ®. In theory,

H2AX might work in a similar way to facilitate the
joining of two S regions that contain DSBs®.
Correspondingly, deficiency for 53BP1, an H2AX-
associated DSB response factor nearly abrogates CSR,
due to the impairment of CSR steps downstream of
AID induction and germline transcription; this is con-
sistent with a role for this factor in the joining phase of
CSR*. Although the idea that y-H2AX and its associated
factors might function in the context of S-region synap-
sis during CSR is intriguing, other interpretations are
possible. To fully evaluate the synapsis model, it will be
important to demonstrate that Sy deletions and muta-
tions represent a true CSR-initiation reaction, rather
than an SHM-like process promoted by proximity to
the elements that specify SHM.

The ataxia telangiectasia mutated (ATM) protein,
which is a master regulator of the DSB response, has
been suggested to have a role in CSR, as ataxia telang-
iectasia patients, who have mutations in ATM, have
modestly reduced levels of IgA, IgE and IgG sub-
classes® and their Su—So. junctions show significantly
increased microhomology®>®. The precise role of ATM
in CSR is unknown, and it is not clear if it has a direct
role in CSR or whether the decreased CSR potential of
ATM-deficient B cells is secondary to other defects in
B-cell development. It is to be noted, however, that
H2AX and 53BP1 are activated in the DSB response by
ATM and other phosphatidylinositol 3-kinase (PI3K)-
related kinases, such as ATM-related protein (ATR)
and DNA-PKcs*#. The CSR defect of 53BP1-deficient
cells seems more severe than in ATM-deficient cells*>%,
potentially indicating roles for other PI3K-related
kinases in CSR. Finally, DNA-PKcs has the ability to
synapse DNA ends in vitro*® and, theoretically, could
have such a function in CSR.

The heterodimer PMS2-MLH]1 (post-mitotic segre-
gation 2-MutL homologue 1) participates in MMR
downstream of MSH2-mediated recognition of DNA
mismatches. Mice deficient in PMS2 and MLH1 show a
2-5-fold decrease in the efficiency of CSR, and their
S junctions have increased microhomology relative to
normal mice®®¥. These findings, along with the obser-
vation that yeast homologues of PMS2 and MLH1 can
bind directly to two different DNA molecules®, led to
the proposal that these proteins might participate in
S-region synapsis during CSR”'. MLH1 interacts with
ATM both in vitro and in vivo, and the interaction is sta-
bilized by DSBs*?, providing a further potential link.
Finally, the DNA binding protein lipopolysaccharide-
responsive factor 1 (LR1) has been proposed to partici-
pate in S-region synapsis®. LR1 is a heterodimer of
nucleolin and heterogeneous nuclear ribonucleo-
protein D (HNRD), and each subunit can individu-
ally bind to G-quartet DNA in vitro, leading to the
proposal that a single heterodimer of LR1 can bind to
two separate S regions — to juxtapose donor and
acceptor S regions during CSR?; however, this has not
yet been formally tested.

In summary, although several factors have been
suggested to be involved in the synapsis of donor and
acceptor S regions, none of the factors tested have
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been found to be absolutely required for CSR, and their
precise roles remain to be determined. So, elucidation
of the S-region-synapsis mechanism remains an
important challenge.
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Figure 5 | Current model for CSR. a | Transcription through the two participating switch (S)
regions generates R loops (or other secondary structures, not shown) that provide single-
stranded DNA substrates for activation-induced cytidine deaminase (AID). Subsequently,

the activities of uracil-DNA glycosylase (UNG) and apurinic/apyrimidinic endonuclease 1 (APET)
can introduce a high density of nicks on the non-template strand, and this, combined with a
closely spaced nick on the opposite strand (*), can generate double-stranded breaks (DSBs)

in the S regions. The breaks are synapsed in a process that requires the putative participation of
several proteins, including histone 2A family-member X (H2AX), p53 binding protein 1 (53BP1),
lipopolysaccharide-responsive protein (LR1), ataxia telangiectasia mutated (ATM), mutL
homologue 1 (MLH1) and DNA-PKcs (catalytic subunit of DNA-dependent protein kinase).
Class-switch recombination (CSR) is completed by fusion of two S regions DSBs, possibly

by the non-homologous end-joining pathway (NHEJ)— which has been strongly implicated

to have a role in CSR, although this has not been unequivocally proven. The pink and orange
oval at the recombination site represents deletions and mutations that are found at S junctions.
b | In addition to productive CSR, the Sy region can undergo a high rate of internal deletions
(ASp) when this region is targeted by AID but the downstream S region is not. It is not clear if
such intraswitch recombination reactions have the same requirements as productive CSR.

Cu, constant region of IgM heavy chain; D, diversity gene segment; J, joining gene segment;
V, variable gene segment.

DNA end joining

Completion of CSR seems to involve the joining of two
broken S regions. The two main pathways that join
broken DNA ends in mammalian cells are homologous
recombination and NHE]. The limited or complete lack
of homology at S-region junctions rules out the possi-
bility that the former pathway has a main role, leaving
NHE] as the most probable candidate. A role for NHE]
in CSR was indicated by the observation that Ku70- or
Ku80-deficient B cells reconstituted with rearranged
IgH and IgL chains had severely impaired CSR>**7.
However, such an effect on CSR could be indirect as
Ku-deficient B cells had proliferative defects and died
when induced to undergo CSR>*”°. The latter effect
might result from an inability to repair DSBs generated
during CSR, because cells activated to divide, but not
undergo CSR, proliferated relatively normally*. It is also
possible that Ku-deficient cells could die before under-
going productive CSR owing to abortive Sy breaks that
are uncoupled from CSR. Although this argument has
been countered by the finding that Ku80-deficient
B cells that have undergone several rounds of cell division
still show impaired CSR”, such cells could represent those
that have escaped activation. Therefore, although Ku
activity is required for CSR, it has not been formally
proven that its role is through NHE].

Unlike Ku-deficient B cells, B cells from mice with a
targeted disruption of DNA-PKcs, which completely
eliminates expression of any DNA-PKcs protein,
showed no proliferation defects®. Yet DNA-PKcs defi-
ciency severely impaired CSR to all IgH isotypes except
IgGl1 (REE 55), strongly indicating a direct role for DNA-
PKcs in CSR. However, analysis of B cells derived from
mice homozygous for the severe combined immuno-
deficiency (SCID) mutation (which inactivates the
DNA-PKcs kinase domain but leaves most of the pro-
tein intact) has complicated this interpretation. In one
study, B cells from SCID mice were found to undergo
nearly wild-type levels of CSR”, whereas another study
reported reduced, but significant, levels of CSR to most
Cy genes™. There could be several possible interpreta-
tions of these results: an intriguing one being that the
kinase-deficient DNA-PKcs protein in B cells from
SCID mice could provide a necessary function for CSR.
In this scenario, the role of DNA-PKcs in CSR would be
separate from its role in NHE], which requires a func-
tional kinase domain. Accordingly, one of the main roles
of DNA-PKcs, in the NHE] component of V(D)J
recombination, is end processing through phosphoryla-
tion of the ARTEMIS endonuclease®, and ARTEMIS is
dispensable for CSR (Rooney, S., Manis, J. P. & EW.A.
unpublished observations).

One potential kinase-independent role for DNA-
PKcs could be its previously mentioned function as a
synaptic factor, because the DNA-bridging property of
DNA-PKcs in vitro is independent of its kinase
activity®. Other potential DNA-PKcs roles could be the
activation of other factors involved with AID recruit-
ment or in the response to DSBs downstream of AID.
The observed DNA-PKcs-independent CSR activity of
Sv1 might reflect the differential ability of this S region,
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which is considerably larger than the others, to be
synapsed or targeted for AID activity. Finally, genetic
experiments have provided clear evidence that Ku and
DNA-PKcs have NHEJ-independent functions in DNA
repair, which might overlap with ATM*. So, in this way,
even if the CSR defects observed in Ku and DNA-PKcs
reflect a true requirement of the proteins in CSR, this
does not formally prove that their effects on CSR are
mediated through the NHE] pathway. So far, X-ray
repair cross-complementing protein 4 (XRCC4) and
DNA Ligase IV are the only proteins required for all
types of NHE] reactions that have no reported roles
outside NHE]. Therefore, although most available
evidence points to a role for NHE] factors in CSR,
elucidation of the role of XRCC4 or DNA ligase IV
would provide the most unequivocal proof.

Potential Roles of AID in CSR downstream of deamina-
tion. Recently, it has been argued that AID itself might
participate in the joining phase of CSR. Mutational
analyses revealed the C-terminus of AID to be crucial for
CSR but dispensable for SHM and gene conversion®”*
(FIG. 3). Mechanistically, CSR and SHM pathways diverge
with respect to targeting— V genes versus S regions —
and in the requirement of proteins downstream of
deamination — for example, H2AX, 53BP1, and DNA-
PKcs — for CSR***>% but not SHM>>7*%, probably
because of the mechanistic requirement for DSBs in CSR

but not SHM (TABLE 3). C-terminal AID mutations do
not impair S mutations, indicating that targeting of
AID, at least to Sy, is not affected, leading to the sugges-
tion that the C-terminus of AID is involved in the
recruitment or assembly of CSR DNA-repair proteins or
in the synapsis of the acceptor and donor S regions’”*.
However, an alternative interpretation of these interest-
ing findings could be that these AID mutants, owing to
an altered conformation or an inability to interact with
CSR-specific cofactors, cannot target R loops or other
CSR-associated DNA structures with a frequency high
enough to generate DSBs in S regions. In this scenario,
Su mutations might not represent a CSR-initiation reac-
tion, as they might occur through an SHM-like mecha-
nism (for example, because of their proximity to the IgH
intronic enhancer). Unlike CSR, SHM probably does not
proceed through DSB intermediates, and therefore
might not require a high density of AID-mediated tar-
get-DNA deaminations. Concerning the hypothesis that
CSR might require a higher incidence of deamination
relative to that required for SHM, the observation that
V genes have a much higher rate of SHM mutation than
S regions would need to be accounted for. It is conceiv-
able, given that the proteins and pathways required
downstream of deamination are clearly different
between CSR and SHM, that during CSR, but not SHM,
most deaminated residues in S regions are converted into
abasic sites and then into nicks.

Table 3 | Role of proteins involved in CSR and SHM

Protein

B-cell specific
AD

Base-excision repair
UNG

Mismatch repair
MSH2

PMS2, MLH1

EXO1

NHEJ
DNA-PKcs 7

DNA-PKcs inactivated (SCID)
Ku70, Kug0

Other DNA-repair proteins
H2AX

53BP1
ATM

SHM phenotype in CSR phenotype in

absence of activity absence of activity
Blocked Blocked

Reduced transversion Severely impaired
mutations at G-C base

pairs

Decrease in A-T 2-5-fold reduction

mutations
Decrease in A-T 2-5-fold reduction
mutations
Decrease in A-T Severely impaired
mutations
None Severely reduced
except to IgG1
Reduced CSR to all isotypes
None Severely impaired
None 50-80% reduced, no effect on
Su mutations and deletions
None Severely impaired
None S junctions have increased

microhomology

Activity in CSR References
Single-stranded cytidine deaminase, 11,32-37,
role in recruiting DNA-repair protein? 44,45,97,98
Removes deoxyuridine from S regions 60,61
to create abasic sites
Mismatch recognition, 62-64,68,
end processing 69,104
Mismatch processing, 68,89,91
end-region synapsis
Mismatch processing 105
End joining? synapsis? 54,99
93,94
End joining”? 53,54,79
Synapsis? 50,79
Repair, synapsis? 52
End processing? synapsis? 82,83

53BP1, p53 binding protein 1; AID, activation-induced cytidine deaminase; ATM, ataxia telangiectasia mutated; CSR, class-switch recombination; DNA-PKcs, catalytic subunit of
DNA-dependent protein kinase; EXO1, exonuclease 1; H2AX; histone 2A family, member X; MLH1, mutL homologue 1; MSH2, mutS homologue 2; NHEJ, non-homologous
end-joining; PMS2, post-mitotic segregation 2; S, switch; SCID, severe combined immunodeficiency; SHM, somatic hypermutation; UNG, uraci-DNA glycosylase.
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The CSR phenotype of C-terminal AID mutants
closely resembles that found in a group of patients with
hyper IgM type IV syndrome. B cells from these patients
are considerably impaired in CSR, but SHM and the
accumulation of mutations in Sy are not affected!®.
Given that these cells express wild-type AID, it is possi-
ble that the mutation or mutations in these patients
resides in genes that encode proteins required in the
same reaction in which the putative CSR-specific AID
cofactors participate. Therefore, the identification of
proteins that interact with the C-terminus of AID
and/or the cloning of the gene(s) that contribute to this
immunodeficiency syndrome should shed light on the
potential CSR-specific roles of AID downstream of
deamination. Similarly, it could also be postulated that
there will be mutations that could affect SHM but
leave CSR intact: for example, mutations that affect the
interaction of AID with factors, such as RPA, that target
non-R-loop forming structures.

A plethora of unresolved issues

Since the discovery of AID, our understanding of CSR
has advanced considerably. We can now envision a
model that mechanistically links DNA deamination by
AID to long-standing observations on the unique pri-
mary structure of S regions and the requirement for
germline transcription. However, in addition to the
mechanism of S-region synapsis and the other out-
standing questions outlined earlier, several additional
key issues remain unresolved.

It remains to be determined whether AID is specifi-
cally targeted to S regions or is passively recruited to any
ssDNA. Studies using extrachromosomal CSR sub-
strates indicate that AID targeting to S regions might be
influenced by CSR-specific factors'®'%2, Whereas the

ability of AID to mediate CSR on artificial substrates,
when it is ectopically expressed in fibroblasts, might be
viewed as arguing against IgH-isotype-specific CSR fac-
tors*, the efficiency of CSR in these assays is low com-
pared with endogenous efficiency. Therefore, it will be
important to determine whether putative isotype-
specific factors or other AID-specific cofactors exist and
how they might function. Another important question
centres on the current evidence indicating that CSR
requires the participation of at least three different
DNA-repair pathways: namely, BER, MMR and NHEJ.
In this regard, the way in which pathways that use dis-
tinct sets of proteins are coordinated to mediate CSR is a
mystery. Also, it is unknown how the BER pathway
downstream of UNG and APE1 would be subverted
from repairing an S-region nick before it is converted
into a DSB. One possibility would be the introduction
of numerous S-region lesions that overwhelm the BER
machinery. Another possibility would be that BER activ-
ities downstream of UNG and APE1 might somehow be
downregulated in cells undergoing CSR or at S lesions.

Perspective

The discovery of AID and the subsequent delineation of
its enzymatic activity have provided us with a model by
which the initiation of CSR is effected. However, as dis-
cussed here, several aspects of CSR both upstream and
downstream of AID remain unresolved, including the
identity of potential factors that impart specificity to
AID, the process that converts an initial AID-generated
DNA lesion into DNA breaks and the mechanism that
synapses broken S regions to allow completion of the
CSR reaction. A combination of new in vivo-genetic
manipulations and in vitro-biochemical studies will
probably be required to address these issues.
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