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Alternative endings

James E. Haber*

Department of Biology and Rosenstiel Center, Brandeis University, Waltham, MA 02454-9110

he repair of chromosome breaks

is essential to maintain genome

integrity. Both in mammalian

cells and in budding yeast, repair
in the Gy phase of the cell cycle is particu-
larly dependent on nonhomologous
end-joining (NHEJ) to repair broken
chromosomes. NHEJ is important in re-
pairing double-strand breaks (DSBs) that
arise during both V(D)J recombination
and class switch recombination (CSR)
events in the immune system. End-joining
also is responsible for generating chromo-
somal translocations that are associated
with various cancers. Work by Guirouilh-
Barbat et al. (1) published in a recent
issue of PNAS and by several other labo-
ratories (2-4) has revealed that-in
addition to the “classical” NHEJ path-
way—there is a robust alternative pathway
that also contributes to the generation of
translocations.

Our current understanding of the
mechanisms of NHEJ results from a
dynamic interplay between genetics
and biochemistry both in mammals and
in budding yeast (for reviews, see refs.
5-7). A major motivation to identify
the genes responsible for NHEJ has
been the study of end-joinings in both
V(D)J recombination and Ig CSR in
mammals, driven by the identification
of immune-compromised humans. A
second impetus has been the iden-
tification of genes conferring x-ray
resistance. These studies led to the
identification of DNA-protein kinase
catalytic subunit (PKcs) and the Ku70
and Ku80 proteins, which play a cen-
tral role both in immune cell recombi-
nation and in resistance to ionizing
radiation. Further work led to the
identification of a number of XRCC
genes conferring radio-resistance.
Subsequent studies in budding yeast
confirmed that Ku proteins were also
essential for NHEJ (there is no DNA-
PKcs). Research using budding yeast
identified other NHEJ components,
notably DNA ligase 4, its partner
Lifl (whose mammalian homolog is
XRCC4), and Nejl (whose mammalian
homolog is XLF/Cernunnos)f. Ku-
deficient mice are viable but severely
immunocompromised, whereas mice
lacking DNA ligase 4 (LIG4) and
XRCC4 die embryonically; however,
they can be rescued by also knocking
out the p53-mediated apoptotic path-
way that eliminates cells with unre-
paired DSBs (8-11). However, these
immune-deficient mice almost always
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Induction of NHEJ by I-Scel endonuclease cleavage. I-Scel cleaves within an 18-bp nonsymmetric

site to generate 4-bp, 3’ overhanging ends. Joining of the CMV promoter to the coding sequence of the
CD4 gene creates CD4™ cells that can be scored by flow cytometry. Inversion of one of the cleavage sites
creates partially complementary ends. Fully complementary ends are generally joined by perfect ligation
when the “classical”” NHEJ apparatus (including Ku proteins, LIG4, and XRCC4) is functional. With partially
compatible ends, NHEJ still permits ligation even though two sites (underlined) are mispaired. Among
other joinings of the overhanging ends are 2-bp deletions requiring removal of 2 nt from each end before
they can be ligated. In the absence of Ku proteins or XRCC4, most ends are joined by the alternative NHEJ

pathway by using MMEJ.

die of lymphomas characterized by
gene fusions between the Ig heavy-
chain IgH locus and c-Myc; they also
show evidence of many other nonrecip-
rocal translocations. Surprisingly, the
translocation junctions still appear to
be the result of nonhomologous end
fusions rather than of homologous
recombination between repeated se-
quences. Thus, there had to be an al-
ternative NHEJ process not requiring
LIG4 or XRCC4 and probably also not
requiring the Ku proteins. A key fea-
ture of this pathway is that joinings
occur preferentially between sequences
near the ends that shared as much as 7
nt of homology (12). Similarly, end-
joining of blunt-ended linearized plas-
mids in cells without KUS80 involve the
resection and annealing of short ho-
mologous sequences rather than simply
joining the blunt ends (13). An analo-
gous microhomology-mediated end-
joining (MMEJ) pathway was seen in

PNAS

budding yeast in the case when the
4-bp protruding chromosome ends, cre-
ated by a site-specific nuclease, were
completely nonhomologous (14).
Whereas NHEJ between ends that had
even partial complementarity were all
Ku-dependent, end-joinings between
noncomplementary ends were efficient
but Ku-independent. MMEJ must in-
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TThe identification of yeast Nej1 and mammalian XLF/Cer-
nunnos is a fascinating example of many possible strate-
gies to identify the same gene. NEJT was found simulta-
neously by five groups using four different approaches,
including gene-expression profiling, two-hybrid interac-
tions, and screenings of libraries of yeast gene deletions.
XLF/Cernunnos was identified both by complementation
of ahumanimmune-deficient mutation and by two-hybrid
analysis.
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volve significant 5’3’ resection of the
ends to expose regions with 2- to 10-bp
microhomologies. Yeast MMEJ also
needs the Rad1-Rad10 endonuclease
apparently to trim the 3" ends
extending beyond the annealed
microhomologies.

A systematic study of alternative path-
ways of NHEJ in mammalian cells was
carried out by Lopez and coworkers (15)
by using I-Scel site-specific endonuclease
to create multiple chromosomal DSBs
whose joinings could be scored by flow
cytometry. They used I-Scel cleavage sites
arranged so that the protruding 4'-bp 3’
ends were either fully complementary or
(when one site was inverted) partially
complementary. With fully complemen-
tary ends, most end-joinings were perfect
ligations, restoring the cleavage site. Par-
tially complementary ends also annealed
despite mismatches within the junction,
sometimes yielding small deletions or in-
sertions caused by misalignments (Fig. 1).
Deleting KU80 reduced NHEJ with com-
plementary ends but surprisingly had little
effect on the partially cohesive ends; how-
ever, many of the joints showed mis-
aligned ends or larger deletions, with
junctions containing short regions of mi-
crohomology, as in yeast MMEJ.

In the aforementioned article in PNAS
by Guirouilh-Barbat et al. (1) and in sev-
eral recent papers (2-4), the characteriza-
tion of an alternative, Ku-independent
MMEIJ mechanism in mammalian cells
has been shown to be independent of
LIG4 and XRCCA4. In the article by
Guirouilh-Barbat ef al., joinings of I-Scel-
induced DSBs were examined in XRCC4-
deficient cells. Both with fully or partially
cohesive ends, there was a >5-fold reduc-
tion in end-joinings, but the fact that a
significant number of successful end-join-
ings remained again argued that there is a
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backup NHEJ system operating without
XRCC4 (and presumably LIG4). Most of
the junctions were deletions with micro-
homologies at the junction.

Yan et al. (3) examined the end-joinings
associated with Ig IgH CSR in mouse B
cells. The absence of LIG4 or XRCC4
reduces CSR substantially, but there were
still many switches, most of which appear
to have used microhomologies. Moreover,
there were still many chromosomal trans-

Ku-deficient mice are
viable but severely
immunocompromised.

locations between the IgH locus and other
chromosomes. Thus, there must be a
“nonclassical” NHEJ mechanism that acts
when LIG4/XRCCH4 is absent. In a paral-
lel study, de Villartay and coworkers (4)
used a conditional XRCC4 knockout mu-
tation to show that an alternative NHEJ
pathway appeared to be used in CSR. Fi-
nally, Corneo et al. (2) made the surpris-
ing discovery that alternative NHEJ can
be elicited in cells wild type for all general
NHEJ factors. V(D)J recombination is
initiated by RAG1/RAG2 proteins that
not only create the DSBs but also hold
and protect the ends. In Rag proteins de-
leted for certain regions, recombination is
efficient, but the outcomes are skewed
toward MMEJ events. Alternative NHEJ
activity can be found even with wild-type
Rag proteins. These studies make clear
that MMEJ is an important process in
preserving overall genome integrity.

Little is known about the components
of the alternative NHEJ (MMEYJ) machin-
ery or how the classical NHEJ machinery

[

. Barnes DE, Stamp G, Rosewell I, Denzel A, Lindahl T
(1998) Curr Biol 8:1395-1398.

10. Frank KM, Sekiguchi JM, Seidl KJ, Swat W, Rathbun
GA, Cheng HL, Davidson L, Kangaloo L, Alt FW (1998)
Nature 396:173-177.

11. Gao'Y, SunY, Frank KM, Dikkes P, Fujiwara Y, Seidl KJ,
Sekiguchi JM, Rathbun GA, Swat W, Wang J, et al.
(1998) Cell 95:891-902.

12. Kabotyanski EB, Gomelsky L, Han JO, Stamato TD, Roth DB
(1998) Nucleic Acids Res 26:5333-5342.

13. Verkaik NS, Esveldt-van Lange RE, van Heemst D,
Bruggenwirth HT, Hoeijmakers JH, Zdzienicka MZ, van
Gent DC (2002) Eur J Immunol 32:701-709.

14. Ma JL, Kim EM, Haber JE, Lee SE (2003) Mol Cell Biol
23:8820-8828.

15. Guirouilh-Barbat J, Huck S, Bertrand P, Pirzio L,

Desmaze C, Sabatier L, Lopez BS (2004) Mol Cell

14:611-623.

406 | www.pnas.org/cgi/doi/10.1073/pnas.0711334105

predominates when it is functional. DNA
ligase 3, with its associated XRCC1 pro-
tein, is a candidate for the ligase that sub-
stitutes for LIG4 (16). It has also been
suggested that PARP is important (17,
18). The filling-in of small gaps created
during repair of noncompatible ends also
requires DNA polymerases A or u (19,
20). Whether the Rad1-Rad10 homologs
XPF-ERCCI1 play a similar role in remov-
ing the extremities of the 3’ tails after
microhomology mediated annealing, as in
yeast, is not known; an intriguing clue
comes from the fact that this complex is
required in the fusions of telomere se-
quences that have partially cohesive ends
(21). Yeast MMEJ also requires the
Mrel1-Rad50 complex (14); it will be
interesting to see whether these proteins
are also required in mammalian cells.

It has been known for a decade that
Ku-defective mice are not as deficient in
V(D)J recombination and are more via-
ble than XRCC4- or LIG4-defective ani-
mals. This observation might lead one
to the conclusion that there were
XRCC4-dependent mechanisms that
acted independent of Ku, but in fact it
now looks as if this interpretation is in-
correct. Instead it seems that Ku plays
an XRCC4-independent role in regulat-
ing NHEJ, apparently in preventing the
alternative MMEJ machinery from gain-
ing access to the DSB ends when KU70/
KUS80 are associated with the ends. In
budding yeast, deletion of Ku proteins
allows more robust 5'-3" resection of
the ends, which is consistent with the
idea that Ku acts to shelter ends from
degradation. Resection of the ends is
required for MMEJ. Indeed, the finding
that Ku deficiency rescues the lethality
of ligase 4-deficient cells (22) can be
explained if the absence of Ku gives the
alternative NHEJ pathway a chance to
maintain genome stability.
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