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In the popular view, scientific progress calls
up images of lone geniuses and late-night

discoveries that change the way we think in
one fell swoop. Real science, as any graduate
student knows, is not nearly so dramatic.
Existing paradigms are very recalcitrant to
change, and when anomalies pop up they are
often overlooked or ignored. This is not a bad
thing, however: only in the context of a model
can a finding be recognized as anomalous in
the first place. In the field of DNA double-
strand break (DSB) repair, systematic study
of two site-specific recombination events
essential to B cell differentiation has shown
the existence of one or more ‘alternative’
pathways for repairing DNA breaks. (The
standard DSB repair pathways are homolo-
gous recombination and non-homologous
end joining (NHEJ).) Whereas both vari-
able, diverse and joining (V(D)J) recombi-
nation and immunoglobulin class-switch
recombination (CSR) have been thought to
use NHEJ, provocative new work from the
Carpenter and Alt laboratories in this issue
of Nature Immunology suggests that DNA
breaks created during CSR may be repaired
by very different means: 53BP1, a member of
a multiprotein complex that is recruited to
sites of DNA damage, is dispensable for
V(D)J recombination but is essential for
class switching1.

The tacit assumption has been that V(D)J
recombination and CSR are very similar
processes that simply occur in different
places and stages of B cell development
(early in the bone marrow versus later in ger-
minal centers; Fig. 1). Both entail recogni-
tion of DNA segments (recombination
signal sequences in the former; switch

regions in the latter) to be recombined to
form new products and ‘looping out’ of
deleted material. In V(D)J recombination,
the recombinase (recombination activating
genes 1 and 2 (RAG1 and RAG2)) brings a
pair of participating signal sequences
together to form a synaptic complex and
creates DSBs, leaving two sets of blunt signal
ends and two hairpin coding ends to be
repaired2. CSR is initiated by activation-

induced cytidine deaminase (AID), which
produces DNA lesions that are thought to be
converted to DSBs3. In both V(D)J recombi-
nation and CSR, DNA damage-response fac-
tors, including γ-H2AX and 53BP1 (as well as
ATM, Mre11, Rad50 and Nbs1), form
nuclear foci. The broken DNA ends formed
by V(D)J recombination are joined to form
the rearranged products, coding and signal
joints, with the help of the classical NHEJ
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Antigen receptor genes are assembled by a sequence of lineage-specific recombinatorial events, in which DNA
breaks must be properly repaired to ensure cell survival and further developmental maturation. B lymphocytes, 
it seems, use multiple unique pathways to repair their DNA.
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pathway, which involves the DNA-dependent
protein kinase DNA-PK (comprising Ku70,
Ku80 and the catalytic subunit known as
DNA-PKcs), XRCC4, artemis and DNA lig-
ase IV (ref. 2). The infamous imprecision of
NHEJ is put to good use in coding joint for-
mation, where it adds tremendous diversity
to the antigen receptor repertoire. In class
switching, the rearranged V(D)J segment is
joined to different constant regions to pro-
duce immunoglobulins with the same recep-
tor specificity but different effector
functions. The heterogeneity of junctions
formed in CSR suggested that NHEJ would
be involved here, too.

Given CSR’s superficial resemblance to its
more thoroughly studied ‘cousin’, this joining
paradigm seemed eminently reasonable. It
gained further credence from early findings
that CSR requires Ku70 and Ku80 (ref. 3),
two NHEJ factors that bind DNA ends and
are essential for V(D)J recombination2.
Because Ku deficiency also impairs B cell pro-
liferation, however, some worried that its
effect on CSR might be indirect3,4. There was
thus no small interest in the subsequent find-
ing that DNA-PKcs deficiency, which causes
no obvious cellular proliferation defects, dis-
rupts CSR rather profoundly. This observa-
tion might have confirmed that CSR depends
on NHEJ, except for the puzzling fact that
CSR to Cγ1 is largely unaffected by DNA-
PKcs deficiency4. This can be considered
anomaly number one.

Anomaly number two came through stud-
ies of severe combined immunodeficiency
(SCID) mice, which bear a mutation that
prematurely truncates DNA-PKcs, leading to
very low levels of protein and associated
kinase activity. These mice have no serious
impairment in CSR5, yet NHEJ is severely
dysfunctional in SCID mice. It is so dysfunc-
tional, in fact, that V(D)J recombination is
crippled, with considerable impairment in
coding joint formation and a 90% reduction
in signal joints; furthermore, half of the sig-
nal joints that form are abnormal6. Although
the block in coding joint formation partly
reflects a failure to open hairpin coding ends,
the decrease in the efficiency and fidelity of
signal joint formation signifies a serious
problem with NHEJ other than hairpin

opening. The fact that CSR can operate with-
out the full complement of NHEJ factors
required for V(D)J recombination suggested
that these two processes might use different
repair pathways.

Anomaly number three supports this
proposition, but from the obverse direction:
H2AX is required for CSR but not for V(D)J
recombination7. Although various damage-
response factors (H2AX, ATM and the Mre11
complex) gather to the site of V(D)J breaks,
their loss affects only the fidelity of V(D)J
recombination, not its efficiency; inappro-
priate rearrangements are more common in
patients or mice with genetic defects in these
factors7,8. In the absence of H2AX or ATM,
however, CSR is very much impaired7,9; some
patients with Nijmegen breakage syndrome
(NBS) also have a defect in CSR10.

With their current work, Manis et al.1 have
brought the differences between V(D)J and
CSR into even sharper relief. The protein
53BP1, another mediator of DNA damage
response that interacts with phosphorylated
H2AX, is necessary for CSR but not V(D)J
recombination. Having shown that 53BP1 is
not necessary for initiating class switching
(neither AID activity nor germline transcrip-
tion require it), they propose a function for
53BP1 in the joining phase of CSR.

The observations that DNA-PKcs, H2AX
and now 53BP1 are differentially required for
CSR and V(D)J recombination suggest that
the mechanisms used to repair the broken
DNA intermediates are more dissimilar than
previously thought. Why might 53BP1 be
required for CSR? There are at least three
nonexclusive possibilities. First, 53BP1
could, along with H2AX, serve as a damage
sensor, ‘calling’ the proper repair factors
(whatever they may be) to the sites of DNA
breaks. Second, 53BP1 and H2AX could
serve to anchor the DNA ends, holding them
together until repair is underway or com-
pleted7. Third, these two factors could serve
as ‘molecular midwives’ in CSR, delivering
the broken DNA ends from the cleavage
apparatus to the proper repair factors,
thereby avoiding apoptosis. Any of these
models would explain why 53BP1 is not cru-
cial to V(D)J recombination, which has the
benefit of a RAG post-cleavage complex to

hold the DNA ends and ‘shepherd’ them to
the classical NHEJ repair machinery11. The
activities of 53BP1 (and H2AX) might come
into play only if the RAG post-cleavage com-
plex were unstable or released the ends before
repair could occur11. The fact that these
damage sensors are crucial to CSR suggests
that this process lacks analogous shepherding
factors and that broken DNA ends might be
free to engage in inappropriate joining activi-
ties or perhaps remain unresolved unless
DNA damage sensors are readily available.

One of the most interesting questions
prompted by this recent work from Manis et
al. concerns the function of 53BP1 in end
joining: is there a 53BP1-dependent pathway
that is distinct from both homologous
recombination and classical NHEJ? A so-
called ‘alternative NHEJ’ pathway, described
in NHEJ-deficient cells, shows a predilection
for short sequence homologies and operates
when the shepherding function of the RAG
post-cleavage complex is disabled2,11. Is
53BP1 involved in this pathway, or are there
multiple alternative end-joining pathways?
Future work should answer these questions,
as well as elaborate the precise function of the
DNA damage-response system in physiologic
processes that involve DSBs. H2AX defi-
ciency might predispose an organism to
chromosome translocations arising from
defective joining of DSB intermediates pro-
duced during CSR7. Lack of 53BP1 might
have a similar effect, as predicted7. One thing
is certain: new models of CSR and DSB repair
will continue to arise as inventive minds
grapple with anomalous observations.
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