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Pathological agents such as ionizing radiation and
oxidative free radicals can cause breaks in both
strands of the DNA at a given site (double-strand
break). This is the most serious type of DNA damage
because neither strand is able to provide physical
integrity or information content, as would be the case
for single-strand DNA damage where one strand of
the duplex remains intact. The repair of such breaks
usually results in an irreversible alteration of the
DNA. Two physiological forms of intentional double-
strand (ds) DNA breakage and rejoining occur during
lymphoid differentiation. One is V(D)J recombination
occurring during early B and T cell development, and
the other is class switch recombination, occurring
exclusively in mature B cells. The manner in which
physiological and most pathological double-strand
DNA breaks are rejoined to restore chromosomal in-
tegrity are the same. Defects during the phases in
which pathological or physiological breaks are gen-
erated or in which they are joined can result in chro-
mosomal translocations or loss of genetic informa-
tion at the site of breakage. Such events are the first
step in some cancers and may be a key contributor to
changes in DNA with age. Inherited defects in this
process can result in severe combined immune defi-
ciency. Hence, pathological and physiological DNA
double-strand breaks are related to immune defects
and cancer and may be one of the key ways in which
DNA is damaged during aging. (Am J Pathol 1998,
153:1323-1332)

Among the macromolecules that compose our cells, irre-
versible damage to DNA has the greatest probability of
having pathological consequences. Damage to the DNA
can come from radiation, endogenous DNA enzymes,
mistakes during replication, and chemicals (both exoge-
nous and endogenous) (Table 1). One can broadly clas-
sify the types of DNA repair as those dedicated to repair
of damage to a single DNA strand (single-strand break
repair) or those dedicated to repair of damage where
both DNA strands are broken (double-strand break re-
pair) (Figure 1, Table 2).

Single-strand DNA damage has the other anti-parallel
strand to provide physical integrity and information con-
tent to direct the accurate repair of the defective strand.
However, double-strand breaks are sites where the DNA
has lost both physical integrity and information content on
both strands. Such a cell will have permanently lost in-
formation on that particular chromosome, even if it man-
ages to put the two DNA ends back together.

Single-celled eukaryotes, such as yeast, can use the
other chromosome when they are in their diploid phase to
copy the information by a process called homologous
recombination (HR). However, unlike yeast, the genomes
of higher eukaryotes have an abundance of repetitive
DNA, with similar or identical repeats scattered over
many different chromosomes. HR under such circum-
stances may be difficult because of the abundance of
similar sequences throughout the genome.
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Table 1. Major Sources of DNA Damage

Sources of DNA damage Nature of the damage

Radiation
uv ssb
lonizing radiation (x-ray, dsb and ssb
y-rays)
Chemicals
Alkylating agents ss damage
Bleomycin and oxidative dsb and ssb

free radicals
Replication errors $s mismatches, deletions,
and insertions

Endogenous DNA enzyme

errors

V(D)J recombination ssb and dsb

Class switch dsb
recombination

Other enzymes ssb and dsb

ssb, single-strand break; dsb, double-strand break.

Instead, cells of multicellular eukaryotes rely on a pro-
cess where the two broken DNA ends are joined back
together, even if information between the two broken
ends is lost. This process is called nonhomologous DNA
end joining (NHEJ) to distinguish it from HR.

Steps and Proteins Involved in the Joining of
Broken DNA Ends

When double-strand breaks occur in DNA, the biochem-
ical configuration of the broken ends can be any of a
large number of possibilities. Hence, putting the two ends
back together cannot usually be achieved by a simple
ligation step.

For the two DNA ends to be processed so that they can
be joined, they must be maintained in physical proximity
(Figure 2). The term synapsis can be used to describe
this step. Concurrently, proteins may bind that signal that
there is a double-strand break, a step that can be re-
ferred to as end activation. One of the first proteins to
bind is Ku. Ku binds to DNA ends and can diffuse to
internal positions from the end. It is not yet clear whether
Ku is responsible for synapsis of the DNA ends, as some
reports have suggested,®® or whether additional proteins
are involved.

Next, a 470-kd protein called DNA-dependent protein
kinase (DNA-PK) binds to the Ku:DNA complex. DNA-PK
is the only known protein kinase that requires a double-
strand DNA end as an essential cofactor. That is,
DNA-PK is inactive except when there is a DNA double-
strand break. Hence, DNA-PK is the ideal alarm system
for the cell to signal that there is a double-strand break.
DNA-PK can phosphorylate itself or Ku at serines or
threonines. It is not yet clear what other physiological
targets DNA-PK has. Current research is likely to soon
define the dynamics of DNA-PK and Ku at broken DNA
ends to determine how the steps of synapsis and end
activation can progress to subsequent steps.

When the two broken DNA ends are brought into prox-
imity, the exact point of joining can occur at any base
pair. There is a propensity for the joining to occur at one
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Figure 1. Diagrams of the major categories of DNA damage. DNA can be
damaged on one strand (single-strand damage) or both strands (double-
strand damage). Damage due to single-strand breaks or alkylation events are
handled by excision repair (nucleotide and base excision pathways). Mis-
matches from DNA replication are handled by the mismatch repair system.
Double-strand breaks are repaired by either homologous recombination
(HR) or nonhomologous DNA end joining (NHE]). In HR, the information at
b is copied from the intact chromosome such that the sequence information
a-b-c is restored; this process requires at least a 2N (diploid) DNA content. In
NHE]J, even though the cell is diploid, a is joined directly to ¢, leaving the
information at b deleted from the chromosome.

to four nucleotides that are complementary between the
two ends. Therefore, if the DNA end sequence at one end
is —TTGGT* (where the dashes represent the rest of the
chromosome and the asterisk represents the break site)
and the other end begins as *aggcc—, then the se-
quence at the point of joining has a higher probability of
being —TTGGcc—-. This means that the T at one end
and the a at the other end were removed, and the joining
occurred at the two base pairs GG or gg, where the two
ends shared these two nucleotides of microhomology.

Table 2. Major Types of DNA Repair

Type of DNA Repair

Excision repair
Base excision repair (BER)
Nucleotide excision repair (NER)
Mismatch repair (MMR)
Double-strand break repair
Homologous recombination (HR)
Nonhomologous DNA end joining (NHEJ)
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Figure 2. Model for the steps in nonhomologous DNA end joining. When a
DNA break occurs, the ends must be held in proximity to permit subsequent
repair steps to proceed and to align the two ends. This first step can be
referred to as synapsis. Ku and DNA-dependent protein kinase (DNA-PK)
bind to DNA ends during this initial phase, although it is not precisely clear
how the synapsis occurs or what proteins specifically carry out this function.
End activation can be used to refer to the signaling that recruits other repair
components, configures the DNA termini for the subsequent steps, and alters
the cell cycle until the repair is complete. End alignment can occur if there is
terminal microhomology of one to four nucleotides, typically, between the
two ends. This is an optional aspect, as NHE]J occurs regardless of micro-
homology. End processing refers to the removal of DNA by nucleases and the
filling in of gaps by polymerases. Ligation is the final step, and it requires a
ligatable nick on each strand. Some of the proteins known or suspected at
each step are listed to the left of the arrows.

The reason for this preference at the junction is because
this is where the two DNA ends can base pair. This
tendency is called microhomology usage. It is not an
essential feature, because two ends that do not share
microhomology can still be joined at normal efficiencies.
Rather, the microhomology usage is something that oc-
curs at a much higher frequency than random positioning
of the join site. This tendency for microhomology usage is
seen in general DNA end joining and in specialized phys-
iological forms of double-strand break repair, such as
V(D)J recombination.*

When the two DNA ends do undergo alignment at
points of microhomology, then there is often either excess
DNA beyond the point of alignment that must be removed
by nucleases or there are gaps that must be filled by
polymerases. We call this the DNA end processing step.
The intriguing feature about this step is that the two DNA
ends must be held in proximity to prevent them from
diffusing away from one another, and yet the means by
which those ends are held cannot prevent access by the
nucleases and polymerases that must process the DNA
termini. The nucleases and polymerases involved at this
step are not yet defined. However, we have identified a
structure-specific nuclease called FEN-1 (flap endo-
Nuclease-1) that cleaves flap structures at DNA branch
points. Such a nuclease may account for removal of the
type of overhang shown in Figure 2 (X. Wu, T. Wilson, and
M. Lieber, submitted). Regarding polymerases, we have
some data suggesting that polymerase B accounts for
some of the filling of gaps, but polymerases B, 8, and ¢
may all contribute (T. Wilson and M. Lieber, submitted).

The last step in restoring chromosomal integrity at a
DNA break site is ligation of each of the two DNA strands.
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Recently, we determined that the DNA ligase responsible
for repairing double-strand breaks is DNA ligase IV. In
mammalian cells, DNA ligase IV exists in a complex with
XRCC4. Without XRCC4, mammalian DNA ligase IV is
unstable and has much lower activity.

In eukaryotic cells, absence of any of the components
along this pathway results in an inability to repair some or
most double-strand breaks caused by ionizing radiation
and oxidative agents (such as bleomycin) and breaks
caused by physiological processes such as V(D)J re-
combination and class switch recombination.

DNA Breakage and Rejoining Phases of
V(D)J Recombination

All vertebrate animals have a specific immune system in
addition to the nonspecific one that all animals possess.
The central feature of the specific immune system is its
ability to generate an enormous repertoire of antigen
receptors by a process called V(D)J recombination. Dur-
ing this process, any one from an array of V (variable)
gene segments can be joined to one of many D (diversity)
or J (joining) gene segments to generate a new exon
encoding the antigen-binding domains of immunoglobu-
lins or T-cell receptors (Figure 3). The V(D)J recombina-
tion process happens millions of times each day in the
proliferating pool of lymphoid precursors of vertebrates.
The cis elements mediating the site specificity of the
recombination reaction are recombination signal se-
quences (RSSs) flanking the V, D, and J gene segments.
They consist of a palindromic heptamer separated from
an A/T-rich nonamer by a spacer of either a 12- or 23-bp
length.®> A single recombination event is directed by a
pair of these joining signals with different spacer lengths,
a restriction referred to as the 12/23-bp rule. The recom-
bination process is initiated by two lymphoid-specific
proteins that are encoded by the RAG1 and -2 genes.®”’
Remarkable progress has been made recently in under-
standing the mechanism of V(D)J recombination.

Cleavage Phase of V(D)J Recombination

The first cell-free V(D)J cutting activity has been de-
scribed by van Gent and co-workers in the Gellert labo-
ratory using nuclear extracts from lymphoid cells supple-
mented with a purified, recombinant core RAG1 protein.®
They later showed that the RAG proteins alone were
sufficient to catalyze DNA cleavage at RSSs (Figure 4).°
The reaction occurs by a two-step mechanism, during
which one DNA strand is initially nicked at the heptamer
of the RSS. The 3’OH group thus generated attacks the
phosphodiester bond of the anti-parallel strand in a direct
transesterification reaction'™ leaving hairpinned coding
ends and blunt signal ends (with 5'P and 3’OH). This is
reminiscent of the chemistry involved in nicking and
strand transfer seen in reactions of transposable ele-
ments in prokaryotes and in retrotransposons (including
retroviruses) in eukaryotes.”" Nicking and hairpin forma-
tion at isolated signals occurs in a stable RAG-1:RAG-2
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Figure 3. Summary of components and steps of V(D)J recombination. A
single V and J are depicted, although combinatorial diversity is achieved
using numerous V and ] segments. A signal sequence is adjacent to each V or
J coding segment. Within each signal, the nonamer of each signal is located
furthest from its coding segment, whereas the heptamer is directly adjacent
to the coding segment. Subsequent figures (4 to 6) provide more detail for all
of the correspondingly numbered steps. Ku is the Ku70/86 heterodimer. TdT
is not an essential component for V(D)]J recombination but is a lymphoid-
specific enzyme that is present in pre-B and pre-T cells during most of the
period in which they carry out this process. The nucleases that remove
excess DNA at the junction are still being defined, but FEN-1 is one candi-
date. The polymerases that fill in gaps at the junction are also still being
defined, but polymerase B is one candidate. In the bottom line of the
diagram, the coding joint has dashed lines on each side of the junction to
depict nucleotide loss and addition, resulting in junctional diversity.

DNA complex that disassembles after completion of the
reaction.®3

Although it has been demonstrated that concerted
cleavage at two synapsed RSSs in accordance with the
12/23-bp paradigm can be achieved with RAG-1 and -2
proteins alone, ' the efficiency of the reaction appears to
be greatly enhanced by other nuclear components, '®1¢
including the DNA-bending protein HMG1."6"7

There are still many remaining questions regarding the
initiation of V(D)J recombination. First, is the 12/23 rule
enforced at the nicking or hairpinning steps? Second,
which regions of RAG-1 and RAG-2 carry out which as-
pects of the reaction, including binding to the signal,
nicking, hairpinning, and 12/23 rule enforcement? Two
studies employing either an indirect yeast-one hybrid
system or surface plasmon resonance to measure DNA
protein interaction suggest that a region in RAG-1 with
homology to bacterial Hin recombinases is required for
binding to the nonamer of the RSS."®'° Both studies did

RAG1, RAG2, HMG1
assemble at each
signal

JI

Synapsis of the two
RAG-HMG complexes

|

RAG-1,-2: DNA nicking step

[ I\l2-signal 23-signal

g

RAG-1,-2: DNA hairpin (strand
transfer) step

Figure 4. Model for the nicking and hairpin formation phases of V(D)J
recombination. Symbols are the same as Figure 3 except that the both strands
of the DNA are depicted and the 12-signal is depicted with horizontal hatches
and the 23-signal with vertical hatches. The RAG1,2 complex is depicted as
a single gray oval. At the cleavage step, the signal ends are blunt and have a
5" phosphate and 3’ hydroxyl (see Refs. 8-10 and citations therein). The
coding ends after step 4 are hairpinned at their termini. The signals are
depicted in synapsis in a parallel configuration.'>”!

not detect DNA-binding activity for RAG-2, and the sig-
nificance of the highly conserved heptamer sequence of
the signals for interaction with RAGs remains unclear.
Third, how does the nucleosome affect binding, nicking,
and hairpinning? This is critical to understanding how
chromatin structure affects V(D)J recombination. A cru-
cial aspect of the regulation of V(D)J recombination is
that some antigen receptor loci remain inaccessible
whereas others are recombined. Although transcription
itself may not control the accessibility for V(D)J recombi-
nation,?°~2% enhancers clearly do.?72® Enhancers may
direct changes in nucleosome binding and positioning.
They may also affect CpG methylation®” and histone
acetylation, which have major effects on determining ac-
cessibility.?8739 |nitial progress has been made at study-
ing the action of exogenous RAG proteins on genomic
DNA sites in isolated nuclei.®'®2 Cell-free V(D)J recom-
bination using recombinant RAG proteins and nuclei pre-
pared from cells representing different developmental
stages indeed recapitulates the tight developmental reg-
ulation of antigen receptor rearrangements observed in
vivo. Fourth, mutations in the RAG-1 and -2 genes have
been shown to account for ~14% of human SCID.® It will
be interesting to see whether components in the joining
phase of V(D)J recombination can account for SCID as
well.

Rejoining Phase of V(D)J Recombination

After generation of the DNA ds break at RSS, hairpinned
coding ends must be opened to permit their processing
and joining (Figure 5). Analysis of V(D)J recombination



DNA-PK

Hairpin opening requires DNA-PK kinase
7 activity; actual hairpin endonuclease may
be RAGs; Ku may displace RAGs.

111p

DNA-PK

Figure 5. Model for roles of Ku and DNA-PK in the end joining of V(D)J
recombination. The order and physical location at which Ku loads on relative
to the signal and coding ends and relative to the RAG complex is not clear at
the time of this writing. In step 6, DNA-PK is recruited by Ku but must contact
the DNA directly. In step 7, Ku may displace the RAG complex at the signals
in addition to functioning at the coding ends with DNA-PK.

intermediates in scid mice has demonstrated that these
mice are unable to resolve hairpinned coding end struc-
tures at their antigen receptor loci.®* Scid cells display no
DNA-dependent kinase activity, due to a carboxyl-termi-
nal truncation of the 470-kd DNA-PK protein encoded by
the scid gene.®>3¢ One possibility is that DNA-PK is
needed to phosphorylate the hairpin endonuclease to
activate it for hairpin opening. Possible candidates for the
hairpin endonuclease are the RAG proteins themselves,
because they are the only known components required
for V(D)J recombination that display nuclease activity. A
requirement for RAGs for later stages of V(D)J recombi-
nation has been documented and will be discussed be-
|OW.37‘38

As discussed above for general NHEJ, DNA-PK kinase
activity is stimulated by a heterodimeric complex of Ku70
and -86 proteins.>® From genetic studies using x-ray-
sensitive CHO cell lines and the recent generation of
Ku70- and Ku86-deficient mice,*°~2 it is clear that the
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Ku70/86 heterodimer is important for the formation of
coding and signal joints. However, some level of normal
coding joint formation does occur in the Ku70 knockout
mice beyond that seen in scid mice or in the Ku86 knock-
out mice.***3 Ku can load onto DNA at DNA termini and
slide to internal positions.** Some authors view Ku as the
essential DNA-binding domain for the 470-kd DNA-PK,
referring to the kinase as a subunit of a Ku:DNA-PK ¢
holoenzyme (the subscript cs denotes catalytic subunit).
According to this model, DNA-PK_, is inactive without
Ku.3® Other data indicate that the 470-kd kinase has DNA
binding and significant kinase activity on its own, even in
the absence of detectable Ku,**~*" perhaps explaining
why Ku70 can be absent and still result in more leakiness
than when the 470-kd DNA-PK kinase activity itself is
absent.”®3 |n either case, Ku clearly stimulates DNA-PK
activity, implying some allosteric effect of Ku on the
470-kd kinase once both are in proximity of the
DNA.39'46'48'49

Ku may serve additional functions in V(D)J recombina-
tion beyond stimulation of DNA-PK activity. This is sug-
gested by the different phenotypes of mutants in DNA-
PK, ie, scid mice, as opposed to Ku-deficient animals.
Absence of DNA-PK activity results in failure to form
coding joints, but signal joints form at near normal effi-
ciencies.®° In contrast, mutations in Ku affect both signal
and coding joints.*® One possible explanation of this is
that Ku may dislodge the RAG postsynaptic complex
from the signal ends to allow them to be ligated.*® There
is precedent for postsynaptic cleavage complexes in
prokaryotic recombination systems requiring chaperone
proteins to assist in debinding from the signal sequenc-
es.51

Once the hairpins are opened, all four DNA ends are
available for modification®? (Figure 6). Terminal deoxynu-
cleotidyl transferase (TdT) is an optional lymphoid-spe-
cific component that can add nucleotides to coding ends
to generate most of the junctional diversity that is a critical
extension to the combinatorial diversity of antigen recep-
tor assembly.®3 A point of mechanistic interest is that TdT
can add N-nucleotides at signals ends as well, even
though those signal ends are not subject to base loss.®?
This suggests that the RAG postsynaptic complex pro-
tects them from nuclease action but not from TdT tem-
plate-independent nucleotide addition. It has been
shown that a post-cleavage complex protects signal
ends in vitro from exonuclease digestion.®* In contrast,
the coding ends are available for both TdT addition as
well as nuclease action. The nucleases responsible for
end nibbling have not yet been identified with certainty
but may include FEN-1. The modification of all four ends
is likely to occur in a complex where all four ends are in
proximity to each other. This is suggested by the occur-
rence of nonphysiological alternative products called hy-
brid joints.®® These involve the mistaken joining of a cod-
ing end to the other signal end, instead of to the other
coding end. Such an occurrence would require that all
four ends remain in proximity until ligation. Using a cell-
free system for concerted cleavage at two signals, it has
now been demonstrated, in crude extracts, that the sig-
nals remain synapsed in a post-cleavage complex.®*
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Figure 6. Model for the DNA end joining phase of V(D)J recombination. TdT
template-independent nucleotide addition can occur at the 3'OH of any of
the four DNA ends but is relevant to the immune system only at the coding
ends where it contributes as a major factor to junctional diversification. In
addition to RAG1 and -2, TdT is the only other lymphoid-specific component,
but unlike RAGs, TdT is not essential for the cutting and joining to occur. The
nucleases and polymerases in DNA end joining are not yet known, but
polymerase 8 and FEN-1 are suspected. Alignment of the coding ends (step
9) is known to occur at regions of microhomology, but this, conceivably,
could precede the nucleolytic processing or occur after it. The blunt signal
ends are ligated together and the aligned coding ends are ligated together.
XRCC4 forms a complex with DNA ligase IV, and this is believed to be the
major ligase of the reaction.

It is known that the coding ends align at short regions
of microhomology.®® This point in the V(D)J recombina-
tion process and all subsequent steps appear to be
identical with general NHEJ discussed earlier. As men-
tioned, it is not clear what the order of events is in this
portion of the reaction. For example, do the coding end
regions of microhomology align, followed by nuclease
trimming of the excess DNA beyond the points of micro-
homology? Or are the coding ends subjected to random
nuclease action, followed by alignment and ligation? The
ligase complex of DNA ligase IV and XRCC4 that func-
tions for general NHEJ also appears to function for V(D)J
recombination, because cells mutant for XRCC4 fail to
carry out V(D)J recombination or repair x-rays.

Class Switch Recombination

Just as V(D)J recombination can be divided into the
cutting phase and the joining phases, class switch re-
combination can also be dissected into at least these two
stages (Figure 7). Concerning the joining phase, there
are indications that this process is like that for general

Figure 7. Class switch recombination at the immunoglobulin heavy chain
locus. Unlike V(D)J recombination, which occurs at all three Ig loci (heavy
chain, k chain, and A chain loci) and all three TCR loci (a/8, B, and 7y loci),
class switch recombination occurs only at the IgH locus. The right-angle
arrows represent internal promoters called sterile transcript promoters. The
transcripts from these do not encode protein because of stop codons. This
suggests that transcription may be important for the mechanism of class
switch recombination. The ovals represent the G-rich repetitive class switch
sequences. Recombination occurs between switch sequences. Not all of the
sterile transcript promoters are active at any one time. The cytokine stimu-
lation of B cells in the peripheral lymphoid tissues determine which promot-
ers are active.

NHEJ. There are indications of the involvement of
DNA-PK in class switch recombination because cells
mutant for DNA-PK (murine scid cells) fail to carry out
class switch recombination in a primary cell culture sys-
tem.®® More recent data show that class switch fails to
occur in cells missing Ku.”® Along with previous data
demonstrating deleted circular DNA in switching cells,
the requirement for DNA-PK is compelling evidence that
the joining phase of class switch recombination is that of
general NHEJ.

The enzymes responsible for the cutting phase of class
switch recombination are unknown. It is clear that RAG-1
and -2 are not required, as class switch recombination
can occur normally in cells derived from RAG-2-deficient
animals.®® Some data suggest that the highly repetitive,
G-rich switch regions acquire a non-B DNA configuration
upon transcription.®”=%° Unlike V(D)J recombination,
where transcription is not mechanistically required, tran-
scription is important for class switch.®’

Chromosomal Translocations Arising during
the Course of V(D)J Recombination and
Class Switch Recombination

Translocations Associated with V(D)J
Recombination

Many chromosomal translocations in lymphoid cells arise
as mistakes during the process of either V(D)J recombi-
nation or class switch recombination.®? One of the most
common of these and most well characterized is one that
occurs in essentially all follicular lymphomas, the t(14;18)
translocation involving bcl-2 and the IgH locus (Figure 8).
One scenario for this translocation is as follows (Figure
8A). The cutting event at the D to J rearrangement step of
the IgH locus fails to complete. Cutting at the bcl-2 locus
occurs and may be catalyzed by the RAG proteins inad-
vertently. Finally, the ends of the break at the bcl-2 locus
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Figure 8. Models for the mechanism of the Bcl-2 translocation. A: One-step
model for the t(14;18) translocation. A more detailed view of the likely events
in some bcl-2 translocations is shown (based on Ref. 65). The letters a and b
are simply genetic markers to provide orientation. The x’s represent nucle-
otide addition of uncertain origin. In this model, an attempt at Dy to Jy
joining fails to be completed. An unrelated break on chromosome 18 at the
bcl-2 locus also fails to be rejoined and is, instead, joined to the Dy and Jy;
ends to yield the reciprocal translocation. B: Two-step model for the t(14;18)
translocation. In this model, the first step involves synapsis of the J;; segment
to a cryptic site within the bel-2 gene. Use of cryptic sites having only the CAC
match to the optimal signal sequences have been observed (see text). After
this V(D)J recombination event between two signal sequences (one of which
was cryptic), the second event involves recombination of two standard
recombination signals, which modifies the derivative 18 chromosome.

become joined to the D and J segments instead of the D
and J being joined.

However, an alternative model would be as follows
(Figure 8B). The RAG proteins may synapse the J seg-
ment recombination signal with a cryptic signal at the
bcl-2 locus. Recent data indicate that cryptic sites con-
sisting simply of CAC (the essential portion of the hep-
tamer) may be sufficient to permit synapsis with a partner
signal at the antigen receptor loci.?®%* Once the first step
is completed, a signal joint has been formed at the de-
rivative 18 chromosome. Signal joints can carry out sec-
ondary rounds of rearrangement in which one of the
signals (at d in Figure 8B) can synapse with the Dy
segment signal in a second step. The second step would
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account for the configuration for the derivative chromo-
some 18 in cases for which this half of the translocation
event has been sequenced.®®

The model in Figure 8B is more consistent with what is
currently known about V(D)J recombination and about
chromosome breakage. This model would account for
the initiation of breakage at the bcl-2 locus. It would also
reduce the complexity of the process into two steps
rather than trying to explain three concurrent breakages
(one at D, one at J, and one at the bcl-2 locus). This
model would predict that the derivative chromosome 18
could exist in two states, one before and one after the
second step. However, the second step may be quite
efficient; hence, it may be difficult to detect the earlier
configuration of the derivative 18.

One major uncertainty concerns the predilection for
breakage at the bcl-2 locus. The promiscuity of the RAG
proteins for cleaving at accessible CAC sites is notewor-
thy and creates a paradox as to how our lymphoid cells
survive such promiscuity. It appears that most of the
genome is protected by some degree of chromatin struc-
ture. The interplay between the RAG cleavage and chro-
matin structure is an interesting area for future work.
Breaks that do not involve adventitious CAC sites may be
caused by other processes. Fragile sites within DNA and
chromatin are another area of intense interest. Some of
these fragile sites may relate to how the G-rich class
switch sequences are cleaved.

Translocations Involving Class Switch
Sequences

The best characterized translocation involving class
switch sequences is that of c-myc. In sporadic Burkitt's
lymphoma, c-myc typically translocates to the Su se-
quences located upstream of the constant Igu region.
This process appears to arise as a mistake of class
switch recombination. Instead of the Sy and one of the
downstream switch regions (such as Sv, Se, or Sg) re-
combining, the break site at the Sy region recombines
with a break that arises at the c-myc gene on chromo-
some 8. A reciprocal translocation results between chro-
mosomes 8 and 14 with most of the c-myc coding region
now joined to the IgH locus. A diagram of the transloca-
tion process is shown in Figure 9 (top line). (In endemic
Burkitt's lymphoma, the translocation process typically
occurs as a mistake of V(D)J recombination and gives the
type of structural outcomes shown in the second through
fourth lines of Figure 9.) Because the mechanism of
switch recombination is not understood, the mechanism
of the c-myc translocation process is also not defined.

Homologous Recombination

In addition to repair of double-strand DNA breaks by
nonhomologous DNA end joining, some double-strand
DNA breaks are repaired by homologous recombination
(HR). The precise balance of homologous and nonho-
mologous recombination in cells is not yet fully deter-



1330 Lieber
AJP November 1998, Vol. 153, No. 5

«— —
18:14)(024;032) > R PA N S O o Y
Cu 5

n c-myc

1(8;14)(q24;932)

vy [AHsH2H1l _>—{hHH!
3

& Ja—d

D segment
e

oo} [

VVVYy cmye

—_—> —_—
1(2;8)(p12;q24) . =11 I [
c-myc Je Cx
—_—> —>

11} -2}~E] T T

c-myc 9 c,

1(14:18)(g32;021)

!
oI
Cp Su ey JdJ bei-2

Figure 9. The architecture of the common translocations. The chromosomal
translocations listed on the far left are diagrammed. The centromere is
depicted on the left of the depicted chromosome. The squares with numbers
in them are the exons of the designated genes (either the Ig gene, the c-myc
gene, or the bcl-2 gene). The rectangle depicts the Ig class switch region. The
Ig enhancer is shown as an ellipse. The arrows show the direction of
transcription. The Ig chromosome is designated as a solid line; the incoming
chromosome is designated as a gray line.

mined.*®® It appears that during GO, G1, and early S
phases of the cell cycle in vertebrate cells (and those of
most multicellular eukaryotes), NHEJ is the dominant
pathway. During late S and G2 phases of the cell cycle,
HR plays a significant role.®” The enzymes involved in HR
include RAD51, -52, -54, -55, and -57.°8 BRCA1, BRCA2,
and ATM may also play roles in this process. HR may be
ideally suited for late S and G2 when the chromatids are

Physiologic Double-Strand

Pathologic Double-Strand
DNA Break/Repair

DNA Break/Repair

1. lonizing radiation
2. Oxidative free radicals

1. RAG1,2 breaks
2. Class switch breaks

cleavage cleavage
phase phase
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Homologous

. Recombination
joining phase (HR)

Nonhomologous
DNA End Joining
(NHEJ)

Ku70/86, DNA-PK
XRCC4, DNA ligase 4
(processing components
such as FEN-1 and pol p) Go’ G1 s late s’
early S G2

RAD51, 52, 54, 55, 57
(BRCA1, BRCA2, ATM)

intact chromosome

Figure 10. Relationships between physiological and pathological DNA
breaks and the pathways for their joining. The physiological forms of double-
strand breakage occur in V(D)J recombination (mediated by RAG1 and
RAG2) and in class switch recombination (the nuclease for this is not yet
identified). One source of pathological breaks is free radicals generated from
oxidative respiration. Pathological breaks are also caused by ionizing radia-
tion. lonizing radiation arises constantly as cosmic rays (hydrogen and
helium nuclei) from solar sources generate showers of secondary cosmic rays
(some of which are y-rays). Ionizing radiation also arises from naturally
occurring radionuclides in the earth.”? During GO, G1, and early S phases of
the cell cycle, pathological breaks are primarily repaired by NHEJ.

aligned. Teleologically, it may be that as eukaryotic ge-
nomes became rich with repetitive DNA (which is 40% in
humans), HR became less appropriate as a method for
repairing double-strand breaks; otherwise, the number of
potential, but not ideal, donors for breaks within the re-
petitive 40% of the genome may have made the donor
search process extremely long. Moreover, some HR
events involving the wrong donor repeat might lead to
chromosomal translocations. NHEJ may be the safer al-
ternative in multicellular eukaryotes during phases of the
cell cycle when chromatids are not aligned. This is de-
spite the fact that NHEJ is almost certain to result in the
loss of some genetic information between the two DNA
ends.

Some protein complexes, such as RAD50-Mre11-
XRS(p95) complex, are involved in double-strand break
repair, but it is not yet clear whether they are involved in
NHEJ or HR or both.®®

NHEJ and Aging

As mentioned earlier, defects in the cleavage phase of
V(D)J recombination can result in human SCID. Defects
in the synapsis phase of V(D)J recombination may result
in chromosomal translocations that yield follicular lym-
phomas, and similar events may occur for switch recom-
bination in the case of sporadic Burkitt's lymphoma.

However, a broader issue in human disease is the
extent to which double-strand breaks generate irrevers-
ible changes in the genome over time. Any irreversible
change in any nondegradable macromolecule may be
contributory to the aging process. It is currently unclear
as to the extent of the contribution of changes in DNA to
aging. However, DNA is the one macromolecule in the
cell whose information content cannot be regenerated
once it is lost.

Single-strand DNA damage is not as relevant because
the other strand provides for the information content.
However, double-strand breaks typically result in the loss
of the information between the two ends during
NHEJ. Hence, double-strand breaks are the likely candi-
date for aging of DNA.

The one tangible observation thus far is that cells lack-
ing the ability to carry out NHEJ appear to senesce in
culture more quickly®™7° (P. Hasty, personal communi-
cation). Additional studies will be needed to define
whether the basis for this is actual DNA damage.

A key pending question related to this issue is how
frequently double-strand breaks are created in the ge-
nome from free radicals generated by oxidative respira-
tion and from ionizing radiation. If they are rare, they
represent no significant contributory cause of aging. At
this point, we do not yet know the rate at which double-
strand breaks occur. This could be high and yet our
NHEJ (and HR) may be sufficiently effective so as to
repair the vast majority of these to restore the integrity of
the chromosome. Nevertheless, restoration of chromo-
somal integrity would still be accompanied by loss of
genetic information at the nucleotide level, and this loss is
irreversible. There may soon be methods to measure the



background level of double-strand breaks caused by
oxidative free radicals arising from respiration and from
ionizing radiation. Only at that point will we be able to
evaluate this issue in a meaningful way.

Concluding Remarks

Biochemical definition of the steps and details of physi-
ological and pathologic double-strand DNA breaks is still
a young field. Yet there have been many rewards for this
field concerning human disease. This may continue as
we examine the relationship to broader issues, such as
the time-dependent DNA changes that may occur with

aging.
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