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One can think of the chromosomal translocation process as consisting of two DNA double-
strand breaks (DSBs) followed by a joining of the resulting four DNA ends in the new (i.e.,
translocated) configuration 1. Two recent papers provide major new insights regarding the
joining phase 2,3. Both papers use the most sophisticated approaches yet devised for how
DNA ends are joined in chromosomal translocations.

Both studies find that chromosomal translocations are more common when NHEJ
(nonhomologous DNA end joining) proteins are missing 2,3. The richness of the data in
these papers, which is quite well-discussed within them (the reader is referred there), drives
consideration of an even wider range of mechanistic possibilities than either paper has space
to discuss. Both studies suggest that NHEJ suppresses chromosomal translocations. In
addition to this direct interpretation, another possibility arises out of the fact that the two
DSBs, on the two different chromosomes, do not usually occur at the same time (except in
the less common case of off-target V(D)J recombination, where the two sites are
enzymatically paired) 1. For most translocations, the DSB at one location has a high
probability of being rejoined to restore the original chromosomal configuration prior to the
time when a DSB at any other location is created. That is, only rarely are the two DSBs
generated concurrently and with sufficient longevity to exist within the same time window.
If the rejoining of either DSB is slowed, then this widens the time window before closure,
thereby increasing the chance that both DSBs will be open at the same time and increasing
the chance of a translocation. Hence, the increase in translocation frequency when NHEJ is
inefficient, due to a missing or mutant component, may reflect increased encounters of
concurrent DSBs. In short, slowed NHEJ would be expected to increase the time of overlap
for which two breaks would be unrepaired, thereby increasing the chance of translocation.
This interpretation would be equivalent to the impression that NHEJ suppresses
translocations but might be stated slightly differently as, NHEJ reduces the temporal
opportunity for translocations by reducing the time window during which two DSBs exist.

Both studies demonstrate once again that translocations can occur when one or more key
NHEJ components are missing, verifying that some form of end joining can occur even
under such adverse circumstances (Figure 1). This form of end joining has been given
several designations in eukaryotes: alternative NHEJ (or simply, alternative EJ), back-up
NHEJ, and microhomology-mediated NHEJ 4–7. However, there is little certainty about
which enzymes participate in these end joining events. The relative kinetics of NHEJ versus
any of these alternative end joining pathways is also a subject for continuing investigation.
The earliest time points for end joining assays (~24 hrs) in cells lacking ligase IV suggest
that alternative pathways are about 10-fold slower than NHEJ 4,8. In wild type cells, the fold
difference between NHEJ and all alternative end joining pathways might be greater than 10-
fold if the alternative9 pathways are employed only when the NHEJ pathway is mutated or
missing one or more components. That is, there may be some DSB accumulation in cells
missing the NHEJ pathway, and the joining of these accumulated DSBs may occur more
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slowly by a less efficient alternative end joining pathway. (There is a precedent for a backup
NHEJ in prokaryotes, illustrating the importance of repairing DSBs throughout
evolution10,11.)

Despite the richness of insight from these two papers 2,3 and earlier outstanding ones from
these and other groups, the field lacks detail on the precise enzymatic components that
function in the alternative end joining pathways. One can consider that end joining relies on
a nuclease to remove damaged DNA, a polymerase to fill-in, and a ligase to join. There is
mounting evidence that the RAD50:MRE11:NBS1 complex may function in a subset of
alternative end joining events, but the rules governing such possible participation are
unclear, nor is it clear what role this complex might actually serve 12–15.

A minority opinion (this author) is that NHEJ, even without Ku and the XRCC4:DNA ligase
IV complex, might still function with substitutions for the ‘first-string players’ (Figure 2).
Other nucleases might substitute for the Artemis:DNA-PKcs nuclease, and ligase I or III
might substitute for ligase IV7. It is clear that DNA ligases I and III can substitute for
XRCC4:DNA ligase IV in purified biochemical end joining systems9,16, and there is even
some in vivo data supporting the role of DNA ligase III17. Since these are the only three
ligases in mammalian cells18, there only two choices for the back-up ligase when DNA
ligase IV is missing. Ku does not have an enzymatic function but rather serves to improve
the binding affinity of the polymerases (pol mu and pol lambda), the nuclease
(Artemis:DNA-PKcs), and the XRCC4:DNA ligase IV complex 7. In both biochemical and
in vivo systems, incompatible end joining can occur without Ku 9,19, but the joining is much
less efficient9.

There are several other interesting aspects to these studies. In the Jasin paper, they find
junctional additions containing templated direct repeats or inverted repeats derived from
either of the DNA strands (top or bottom) from any of the four DNA ends involved in the
two DSBs 3. Junctional additions containing direct or inverted repeats from the adjacent
DNA ends have been seen at human chromosomal translocation junctions and are called T-
nucleotides20. T-nucleotides are suspected to be due to pol mu or pol lambda, either of
which can slip on a template21,22. More importantly, the Jasin paper finds T-nucleotides
from more than one genomic location3. They point out that this is likely one more facet to
the iterative nature of NHEJ7. T-nucleotides from multiple and diverse genomic locations
hint that DNA ends in a chromosomal translocation may sample a large fraction of the
nuclear space in search of a partner to which they can join.

The participation of pol mu may explain one other perplexing aspect of these alternative end
joinings (joins formed in the absence of Ku, XRCC4, or DNA ligase IV). Though alternative
end joining junctions typically average ~2 nts of terminal microhomology, there can be a
significant subset (0 to 30%) of junctions that have no microhomology. Yet joins by ligase I
and III appear to rely more heavily on terminal microhomology in biochemical systems9,16.
Thus, how can joining by ligase I or III occur without microhomology. As mentioned in the
Jasin paper, the TdT-like activity of pol mu may create terminal microhomology, and this
polymerase-generated microhomology would not score as microhomology (because it is
equivalent to fill-in synthesis)7. In addition, pol mu may also have some ability to
polymerize from one DNA end into another, if the receiving end is a 5′-overhang23. Like the
TdT-like additions, this polymerase-generated microhomology would also be inapparent
(‘occult’ microhomology, as some have called it24).

The detailed characterization of end joinings when NHEJ has been disabled or handicapped
will be critical for determining the enzymes that participate in the alternative pathway(s).
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The Jasin and Alt systems continue to provide the experimental platforms for such continued
important studies.
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Figure 1.
Components of NHEJ and Candidates for Alternative Pathways. In yeast, plants, and
invertebrates, there is no Artemis or DNA-PKcs to serve as a nuclease complex, and
RAD50:MRE11:XRS1 may play an equivalent role (XRS1 is the homologue of human
NBS1). POL4 in yeast serves the role of pol mu and pol lambda in vertebrates, and these,
along with pol beta, are all members of the POL X family of polymerases. The reader is
referred elsewhere for discussions of homologues across prokaryotes and eukaryotes (Refs. 7
& 11).
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Figure 2.
Two Possible Relationships Between NHEJ and Alternative End Joining Pathways. In the
left box, NHEJ and alternative end joining are depicted as two independent pathways. In the
right box, NHEJ is viewed as the ‘first-string’ enzymes, with back-up enzymes filling-in
when one or more primary NHEJ enzymes or components are mutated, missing (right side
of right box), or perhaps even overwhelmed with a large number of DSBs.
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