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ABSTRACT
Non-homologous end-joining (NHEJ) is the predominant repair pathway

for DNA double-strand breaks (DSBs) in human cells. The core NHEJ pathway is

composed of seven factors: Ku70, Ku86, DNA-PKcs, Artemis, XRCC4, XLF and

LIGIV. Mutation of any one of these NHEJ genes leads either to death, profound

immune deficiencies, ionizing radiation sensitivity and/or cancer predisposition in

human patients. We attempted to generate Ku70-null human somatic cells using

a rAAV-based gene knockout strategy. Our data demonstrated that Ku70 is an

essential gene in human somatic cells.  More importantly, however, in Ku70+/-

cells, the frequency of gene targeting was 5- to 10-fold higher than in wild type

cells.  RNA interference and short-hairpinned RNA strategies to deplete Ku70

phenocopied these results in wild-type cells and greatly accentuated them in

Ku70+/- cell lines.  Thus, Ku70 protein levels significantly influenced the frequency

of rAAV-mediated gene targeting in human somatic cells.

XLF is the newly identified core factor for NHEJ. To characterize XLF

function in human cells, we knocked out XLF gene in HCT116 cells. XLF

deficient cells are highly sensitive to ionizing radiation and DNA damaging agent,

and have intrinsic DNA DSB repair defects. In V(D)J recombination assay, we

find that XLF deficient cells have dramatic defect to form both V(D)J coding and

signal joints. The phenotypes of XLF deficiency were rescued by a WT XLF

cDNA over-expression. We conclude that, in humans, XLF is essential for C-

NHEJ mediated repair of DNA-DSBs.

Biochemical and genetic studies in mouse and hamster cells showed that

DNA ends can also be joined via a backup pathway, especially when proteins

responsible for NHEJ, are reduced or absent. In order to get insights in to backup

NHEJ mechanism, we employed a reporter system based on the in vivo rejoining

of cohesive and incompatible ends. We report here more than 10 to 20 fold

reduction in NHEJ proficiency in DNA-PKcs, XLF and LIGIV null human cells,

which is characterized by an increase in microhomology use. Strikingly,
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conditional knock-out of Ku86 did not result in defect in end-joining, while having

an impact on repair fidelity.
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Among the many forms of damage that can cause chromosomal

instability, DNA double-strand breaks (DSBs) seem to be the most dangerous

and a single unrepaired DSB appears to be sufficient for inducing apoptosis

(295). DSBs occur when the sugar backbones of both strands are broken close

enough to disrupt Watson-Crick base pairing, resulting in the liberation of two

dsDNA ends.  Because the liberated ends can physically separate from each

other & because there is no template with which to direct accurate repair, DSBs

are among the most severe type of DNA damage and among the most difficult to

repair.  Ironically, these lesions occur with some frequency as they can arise

exogenously from factors such as ionizing radiation (IR) exposure or

endogenously from factors such as oxidative damage (17).  In addition, DSBs

can also arise during DNA replication; when a replication fork passes through a

template that contains a single-stranded break, the break will be converted into a

DSB on one of the sister chromatids (140, 145).  DSBs also occur naturally as

intermediates in several essential cellular processes.  Notably, they are

intermediates during recombination in meiosis (69), a process which is necessary

for germ-cell development.  In addition, DSBs are generated during the assembly

of mature immunoglobulin (Ig) or T-cell receptor (Tcr) genes by V(D)J

recombination and during Ig heavy chain (IgH) class switching. It is thus very

clear that DSBs can occur by various means and at different stages of the cell

cycle.

DSBs are particularly dangerous lesions if they occur during the

replication of the genome and during the segregation of duplicated chromosomes

into daughter cells.  Proper genome duplication is hampered by DSBs, and if

broken chromosomes are carried through mitosis, the acentric chromosome

fragments will not partition evenly between daughter cells.  Therefore, eukaryotes

have developed several checkpoints to prevent cells from starting DNA
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replication (the G1/S checkpoint), from progressing through with replication (the

intra S checkpoint) or from proceeding into mitosis (the G2/M checkpoint), if they

contain a DSB (3, 137, 139).

DNA DSB repair pathways
There are two main pathways for DNA DSB repair — homologous

recombination (HR) and non-homologous end-joining (NHEJ).  These pathways

are largely distinct from one another and function in complementary ways to

effect DSB repair (53, 75, 110, 168, 276, 317) Whereas HR ensures accurate

DSB repair, NHEJ does not.  The relative contribution of these two DSB-repair

pathways is likely to differ depending on the stage of the cell cycle (75, 276).

However, the pathways are not mutually exclusive because repair events that

involve both pathways have been described (236).  During HR, the damaged

chromosome enters into synapsis with, and retrieves genetic information from, an

undamaged DNA molecule with which it shares extensive sequence homology.

In contrast, NHEJ, which brings about the ligation of two DNA molecules without

the requirement for extensive sequence homology between the DNA ends, does

not need synapsis of the broken DNA with an undamaged partner DNA molecule.

Both pathways are highly conserved throughout eukaryotic evolution but their

relative importance differs from one organism to another.  Simple eukaryotes

such as the yeasts S. cerevisiae and S. pombe rely mainly on HR to repair

radiation-induced DNA DSBs.  In contrast, in mammals the NHEJ pathway

predominates in many stages of the cell cycle — particularly in G0 and G1 —

although HR is also of importance, particularly during S- and G2-phases (131).

Homologous Recombination (HR)

The molecular basis and genetic requirements of HR were initially defined

by studies in bacteria and yeast but it has become clear that this pathway is well
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conserved in higher organisms. In brief, genetic analysis of S. cerevisiae

identified a set of genes — RAD50, RAD51, RAD52, RAD54, RAD55, RAD57,

RAD59, MRE11 and XRS2 — whose products play important roles in HR and

whose defects lead to increased sensitivity to IR.  Mammalian homologues of

essentially all of these factors in the “RAD50 group” have now been described

(311, 317).  HR is complex and — based on analyses of HR under various

biological circumstances and in different organisms — there are several models

for precisely how HR takes place (53).  An early event in yeast HR is believed to

be the nucleolytic resection of the DNA DSB in the 5’ to 3’ direction.  The

efficiency of this reaction in vivo relies upon, and probably involves, a complex

containing Rad50p, Mre11p and Xrs2p (NBS1 in humans).  The ensuing 3'-

single-stranded DNA tails are then bound by Rad51p in a process that is

influenced by other proteins, including replication protein A (RPA), Rad52p and

Rad54p.  Notably, human RAD52 has been shown to preferentially bind to DNA

DSBs, leading to the proposal that competition between it and Ku for DNA ends

may determine which of the two DSB repair pathways is employed (294).  The

Rad51p nucleoprotein filament then interacts with an undamaged DNA molecule

and, when a homologous region has been located, Rad51p catalyzes strand-

exchange events in which the damaged molecule invades the other DNA duplex,

displacing one strand as a D-loop. These events are influenced by the other

members of the RAD50 group of proteins and by other factors such as RPA. The

3’ terminus of the damaged DNA molecule is then extended by DNA polymerase

that copies the missing information from the undamaged partner, and the ends

are subsequently rejoined by DNA ligase I. Finally, after migration, the DNA

crossovers (Holliday junctions) are resolved by cleavage and ligation to yield two

intact DNA molecules.  Although HR is generally accurate and non-mutagenic, an

exception to this can occur when direct repeats flank the two DNA ends. In this

case, HR by the pathway of single-strand annealing may lead to loss of one of

the two direct repeats and the intervening DNA (110).
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Although mammalian homologues exist for all of the known S. cerevisiae

HR factors, the details of HR are likely to be considerably more complex in higher

eukaryotes.  One indication of this is the existence of several RAD51 paralogues,

such as RAD51B, RAD51C and RAD51D, and other proteins with weaker

homology to the catalytic domain of RAD51, such as XRCC2 and XRCC3 (311).

At least some of these factors interact directly with RAD51 and their function

appears to be to help in the assembly of the RAD51 nucleoprotein filament and/or

in the selection of and interaction with the appropriate recombination substrate.

Indeed, where analyzed, these factors have important roles in the HR process.

Recent work has established strong links between HR and the breast cancer

susceptibility proteins, BRCA1 and BRCA2, which do not appear to have direct

homologues in yeast. Specifically, loss of function of either BRCA1 or BRCA2 in

mammalian cells markedly reduces the efficiency of accurate homology-directed

DNA repair (202, 203, 266, 318).  Furthermore, mutation of BRCA2 stimulates

error-prone homology-directed repair of DNA DSBs that have been generated

between repeated sequences (287).  It is not yet clear exactly how these effects

are brought about but they may reflect the binding of BRCA1 and BRCA2 to

RAD51.  Indeed, BRCA2, through its BRCT motifs directly interacts with RAD51

thereby affecting both the nuclear localization and DNA binding properties of

RAD51 (58) and permitting RAD51 to form foci at sites of DNA damage within the

cell (42, 257, 329).  The presence of BRCA1 in complexes involved in chromatin

remodelling and/or the control of transcription (21, 256) raises the possibility that

it may also affect HR by changing chromatin structure at the sites of DNA DSBs

or that it could influence HR indirectly through its involvement in the

transcriptional responses to DNA damage.

Loss of HR in vertebrate cells leads to an inability to successfully traverse

S-phase, and this is probably due to an inability to restart replication at sites

where DNA replication forks have collapsed as a consequence of encountering
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endogenously generated lesions such as DNA single-stranded breaks.  This

model explains why the inactivation of genes such as RAD51, BRCA1 and

BRCA2 leads to the death of vertebrate tissue culture cells and to early

embryonic lethality in the mouse (171, 260, 267, 286).  The inviability of

vertebrate cells disrupted for MRE11, RAD50 or NBS1 may also be related to

defects in HR (180, 319, 320, 336).  Nevertheless, hypomorphic mutations or

conditional alleles of the above genes have been described that allowed for

cellular viability and, in some cases, the development of mice to maturity.  For

instance, mice bearing one truncation mutation of Brca2 are small and radiation

sensitive and have an increased incidence of thymic lymphoma (51, 221).  Cells

bearing this or another truncation mutation were shown to be radiosensitive, to

display high levels of spontaneous chromosomal rearrangements and/or to

senesce prematurely in culture (198, 326).  It should be noted, however, that HR

can be involved in mechanisms of telomere maintenance (in mammals, called the

alternative lengthening of telomeres (ALT) pathway) that do not rely on

telomerase (72, 149).  It is therefore possible that some of the phenotypic effects

of loss of HR factors could reflect deficiencies in telomere metabolism.

Confusingly, however, not all  HR genes are essential.  A good example of this is

provided by RAD54 mutant mice or chicken DT40 B-cells in which the RAD54

gene has been homozygously disrupted.  These animals and cells, respectively,

are radiosensitive and have reduced rates of HR but are viable (74, 276).

Furthermore, when these mutations are combined with deficiencies in Ku, this

results in even greater radiosensitivity than either of the single mutants, thus

providing strong support for the idea that HR and NHEJ act in complementary

ways to repair radiation-induced DNA damage in vertebrates (75, 276).  In

addition, DT40 cells lacking RAD51B or mouse cells lacking XRCC2 or XRCC3

are all viable and have reduced rates of HR and high levels of chromosomal

aberrations and/or mis-segregation of chromosomes at mitosis (60, 103, 132,

174, 226, 275, 277).  Homologous recombination thus clearly plays very
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important roles in maintaining the genomic integrity in a variety of organisms.

Finally, recent data reveal links between the ATM- and ATR-dependent

systems of DNA-damage signaling and the activation of the HR pathway.  For

example, work in the chicken DT40 system has shown genetically that ATM

functions, at least in part, by affecting the HR pathway (200).  Further evidence

for such a link is provided by the findings that a subgroup of A-T patients do not

have mutations in ATM but instead bear hypomorphic mutations in MRE11 (272)

and that hypomorphic defects in NBS1 cause the related human disorder,

Nijmegen breakage syndrome (NBS) (36, 297).  These diseases are

characterized by radiosensitivity and defects in the intra-S-phase DNA-damage

checkpoint.  The latter appears to be dependent on the phosphorylation of NBS

by ATM in response to DNA DSBs (89, 172, 315, 333); for a review see (225).  In

addition, it seems likely that the lethality associated with the disruption of ATR

function in mice or DT40 cells is linked to the involvement of ATR in triggering HR

as a mechanism to help the resolution of stalled DNA replication complexes. The

S. cerevisiae Mre11p complex also functions in DNA-damage responses,

including the S-phase checkpoint, thus suggesting a high degree of evolutionary

conservation for its roles in DNA-damage signaling (55, 102, 289).  Perhaps

phosphorylation by ATM or ATR affects the ability of the vertebrate and yeast

MRE11 complexes to process DSBs.  Alternatively, or in addition, the effects of

ATM and ATR and their yeast homologues on HR might reflect the ability of these

kinases to phosphorylate histone H2AX and thus bring about changes in

chromatin structure at the sites of DNA DSBs. It is also possible that ATM and

ATR affect HR indirectly by influencing events such as cell-cycle progression or

the control of deoxyribonucleotide synthesis.

Non-Homologous End Joining (NHEJ)

NHEJ seems to be the primary mechanism of DSB repair in mammalian
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cells (168, 306).  In contrast to HR, this pathway does not require homology and

can rejoin broken DNA ends directly, end-to-end.  Genetic studies, using

radiosensitive, DSB-defective mammalian cell lines with mutations in genes that

encode components of NHEJ have been useful in identifying many genes

involved in the NHEJ DSB repair process (105, 129, 156, 234).  In the last

decade, significant advances have been made in our understanding of how

DSBs are resolved by NHEJ.  Seven different genes have been shown

unequivocally to be required for NHEJ: Ku70, Ku86, DNA-PKcs, XRCC4, DNA

ligase IV (LIGIV), Artemis and XLF/Cernunnos.  Three of these molecules

comprise the DNA-dependent protein kinase (DNA-PK) complex, a serine-

threonine protein kinase that must be physically associated with dsDNA to be

active (155); reviewed by (49).  The complex contains two subunits.  The 467

kDa catalytic subunit, DNA-PKcs, intrinsically possesses weak DNA-binding

activity as well as protein kinase activity (116, 322).  In the presence of the

regulatory subunit, (the Ku heterodimer), however, DNA-PKcs is localized to

dsDNA ends where its DNA binding is stabilized and its kinase activity greatly

accentuated (98, 274).  Ku binds to dsDNA ends in a sequence-independent

manner and then translocates to internal sites (73). The second NHEJ factor,

XRCC4 is a 37 kDa protein, which interacts with and catalytically stimulates the

activity of LIGIV (99, 163, 195).  The XRCC4-LIGIV complex carries out the final

step of joining DNA ends in NHEJ (101).  Artemis, which is a nuclease, was

described in 2001 (201) and it may play an important role in DNA-end processing

during NHEJ and specifically during V(D)J recombination (185).  Finally, the

XLF/Cernunnos factor, which was discovered recently, seems to act in a complex

with XRCC4-LIGIV (4, 26) although its exact function is unknown.

The Ku Complex
The Ku complex, a heterodimer formed by Ku70 and Ku80 subunits, was

originally identified as an autoantigen in the sera of patients suffering from
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polymyositis-scleroderma overlap syndrome (193).  Ku appears to perform

multiple cellular functions.  Its nuclear roles involve DNA repair, DNA replication,

telomere maintenance, and regulation of transcription, whereas in the cytoplasm,

Ku inhibits apoptosis by sequestering the Bax protein outside of mitochondria

(48, 250).  Unexpectedly, Ku has also been localized in the plasma membrane,

where it participates in cell adhesion (142, 188, 204).

The Ku complex is best known for its role in NHEJ DNA repair.  Ku has

strong affinity for the ends of dsDNA that is relatively independent of their DNA

sequence and structure.  Ku can bind to blunt ends, to ends with 5'- and 3'- ss

protrusions, or to hairpins (8, 73).  Ku also binds to the heterologous DNA ends

produced by IR (219).  The crystal structure of the human Ku70/80 heterodimer

provided an elegant explanation for its affinity to DNA ends (300).  Ku70 and

Ku80 proteins share a similar three-domain topology, consisting of an α/β-

domain at the N terminus, a central β-barrel domain, and a helical C-terminal

arm.  The central domains of Ku70 and Ku80 form a double ring that encircles

the DNA molecule. However, Ku makes no contacts with the DNA bases and

only a few contacts with the sugar-phosphate backbone, which explains its

sequence-independent mode of DNA interaction.  Electrophoretic mobility shift

assays, electron microscopy, and footprinting experiments reveal that multiple Ku

molecules can bind a single linear DNA molecule in vitro (73), but that Ku does

not efficiently interact with closed circular plasmids.  This observation supports a

model in which the initial binding of Ku to DNA occurs through a DNA end

followed by translocation inwards.  The ability of Ku to move inward from the

DNA terminus might be important for an efficient NHEJ reaction, as it frees the

DNA end for subsequent enzymatic processing.

The N-terminal α/β-domains and helical C termini of Ku70 and Ku80 lie at

the periphery of the complex and do not significantly contribute to DNA

interactions or heterodimer formation.  Rather, these domains provide an
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interface for binding other DNA repair proteins.  Notably, Ku-like proteins capable

of binding dsDNA ends have been found in bacteria and bacteriophages (54,

304).  They share sequence similarity with the central domain of their eukaryotic

counterparts, but lack the domains at the N and C termini.  Thus, eukaryotic

Ku70 and Ku80 proteins appear to have evolved from an ancestral prokaryotic

Ku gene; the DNA end binding activity is the most conserved biochemical

property of the Ku complex, whereas the N- and C-terminal interaction motifs

have evolved presumably to enhance Ku’s function in higher eukaryotes.

The efficiency and accuracy of NHEJ decreases dramatically in cells

deficient in Ku, as demonstrated by assays utilizing repair of site-specific breaks

produced either by transforming cells with a linearized plasmid (plasmid religation

assay) or by induction of site-specific endonucleases such as HO or I-SceI

(chromosomal DSB assay) (24, 164).  Ku participates in several steps of NHEJ

and is implicated in alignment and synapsis of the DNA ends, ligation,

suppression of exonuclease resection, and recruitment of additional factors that

are important for processing of the DNA breaks.  It is still debatable whether the

association of Ku with broken DNA plays a structural role in NHEJ by directly

stabilizing DNA ends and facilitating their synapsis, or whether it simply serves

as a platform for loading other repair proteins.  The role of Ku in DNA end

synapsis was inferred from visualization of human Ku:DNA complexes by atomic

force microscopy (37, 219) and supported by the observation that Ku is capable

of bridging two DNA fragments in an in vitro pull-down assay (19, 231). However,

an independent study suggested that DNA-PKcs, rather than Ku, mediates

synapsis (63).  This has been supported by recent structural work.  Thus, Ku

most likely facilitates the association of DNA ends indirectly, via its recruitment of

DNA-PKcs, which directly promotes synapsis.

Another aspect of NHEJ where Ku’s presence is obvious is in the

protection of DSBs from excessive nucleolytic processing.  Sequence analysis of
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the fusion junctions derived from the cells lacking Ku (24, 164) or produced in a

cell-free system using protein extracts depleted of Ku (79) revealed deletions

encompassing up to hundreds of nucleotides around the break site. The

propensity of the NHEJ reaction toward deletions in the absence of Ku strongly

indicates that the Ku heterodimer stabilizes DNA ends and protects them from

excessive nucleolytic degradation before ligation ensues.  Nevertheless, only a

few studies directly address the interplay between Ku and nucleolytic activities at

intrachromosmal DSBs.  A twofold increase in the rate of 5'- to 3'-end resection

has been reported in budding yeast deficient for Ku when a DSB was induced in

proliferating cells (153).  The increased resection rate was suppressed by

concomitant mutation in the MRE11 gene, which encodes a known nuclease.  On

the other hand, the stability of the 5'-end was indistinguishable in wild-type and

ku-deficient strains when a break was induced in cells arrested in G1 (86).

These differences may be attributed to a variable availability of the nuclease

activity during the cell cycle.

Besides its function in stabilizing DNA ends, Ku also directly facilitates

break ligation. It has been reported that the LIGIV/XRCC4 complex is recruited to

DNA ends via interaction with Ku (46, 211).  Ku stimulates ligation under

conditions where one or two molecules bind per DNA end whereas Ku is

inhibitory at higher concentrations that would promote binding of multiple Ku

heterodimers (147, 231). Further biochemical experiments demonstrated that

recruitment of LIGIV/XRCC4 to the break results in inward translocation of Ku,

freeing the DNA end for subsequent ligation (147).  The ability of the LIGIV-

XRCC4 to cause the translocation appears to be restricted by the presence of

only a few internally bound Ku molecules.

A key function of Ku in NHEJ is to recruit and coordinate end-processing

activities to make DNA ends amenable to ligation.  Reconstitution of the NHEJ

reaction in vitro demonstrated that Ku stimulates association of human α and β-
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with DNA fragments (184).  Polymerases α and β belong to the Pol X family, and

are implicated in filling in gaps arising during alignment of DNA ends.  Ku is also

important for recruitment of Artemis, a structure-specific nuclease essential for

processing coding joints during V(D)J recombination.  Finally, Ku directly

interacts with the Werner syndrome helicase and the Mre11 complex, both of

which are implicated in nucleolytic processing of DNA ends (94, 158, 159, 218).

The LIGIV/XRCC4/XLF Complex
Three DNA ligases (LIGI, LIGIII, and LIGIV) are present in mammalian

cells.  Genetic studies in budding yeast (279, 307) and the mouse (84) revealed

that the NHEJ ligase activity is provided exclusively by LIGIV.  LIGIV forms a

complex with the XRCC4 protein (orthologs in S. cerevisiae are called Lig4 and

Lif1, respectively), which is also required for ligase activity (99, 123).

Crystallographic analysis indicated that the stoichiometry of the human

LIGIV/XRCC4 complex is 1:2 (263).  Biochemical analysis of an in vitro

reconstituted NHEJ reaction revealed that the LIGIV/XRCC4 complex possesses

a unique ssDNA ligation activity that permits joining of one DNA strand across a

gap in the opposite strand (184).  While LIGIV is the major NHEJ ligase yeast

lig4 mutants are nevertheless still capable of plasmid religation, albeit with

significantly reduced efficiency and accuracy (279).  LIGIV-independent end-

joining appears also to occur in higher eukaryotes; a knockout of LIGIV in a

human cell line did not completely abolish V(D)J recombination (100).

Furthermore, LIGIV deficiency does not prevent nonhomologous chromosomal

integration of a P  element and T-DNA in Drosophila and Arabidopsis,

respectively (191, 291).  It remains to be determined which ligase is responsible

for the residual end-joining activity.

Two additional NHEJ factors associated with LIGIV/XRCC4 have been

identified.  Nej1 in S. cerevisiae is a haploid-specific protein whose expression is
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repressed by the Mata1/_2 repressor (85, 138, 290).  Nej1 interacts with Lif1,

and nej1_ mutants are deficient in plasmid religation and chromosomal DSB

repair assays.  Two independent studies have recently reported discovery of a

novel human protein, Cernunnos/XLF, which interacts with the LIGIV/XRCC4

complex (4, 26).  Cernunnos/XLF is predicted to share structural similarity with

XRCC4.  Patients carrying a mutation in the Cernunnos/XLF gene or cell lines in

which the protein was depleted by RNAi display impaired NHEJ (331). A more

detailed understanding of the molecular function of these NHEJ-associated

proteins awaits further genetic and biochemical analyses.

DNA-PKcs/Artemis
In addition to the Ku heterodimer and XRCC4/LIGIV, the mammalian

NHEJ core components consist of the DNA-dependent protein kinase catalytic

subunit (DNA-PKcs) and Artemis.  DNA-PKcs is a member of the

phosphoinositide-3-kinase–related family, which also includes ataxia

telangectasia-mutated (ATM) and ataxia telangectasia-related (ATR) DNA

damage signaling proteins.  The essential role of DNA-PKcs in DSB repair was

demonstrated by studies of severe combined immune deficient (SCID) mice

carrying a defective DNA-PKcs gene.  SCID mice display aberrant V(D)J

recombination and exhibit a radiosensitive phenotype (14, 49, 168).  DNA-PKcs

physically associates with the Ku heterodimer forming a catalytically active DNA-

PK holoenzyme complex.  Ku recruits DNA-PKcs to a DSB via a C-terminal

domain on the Ku80 protein (76), leading to a rapid activation of DNA-PK in

response to DNA damage.  Activation of the kinase appears to require an

additional direct interaction of DNA-PKcs with the DNA.  Although DNA-PKcs can

also bind to DNA termini and activate its kinase in the absence of Ku, this occurs

at much lower efficiency (113).
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The requirement for DNA-PKcs in NHEJ is well established, but little is

known about its function in DSB rejoining or its in vivo phosphorylation targets.

In vitro studies indicate a stimulatory role for DNA-PKcs in DNA synapsis (63)

and ligation (20, 146).  Ligation stimulation may be implemented via

autophosphorylation of DNA-PKcs, resulting in remodeling of the DNA-end-

bound DNA-PK complex (20, 40). In addition, DNA-PK phosphorylates histones

H2AX and H1 (146, 220), and histone H1 phosphorylation by DNA-PK

derepresses ligation of in vitro reconstituted nucleosomes by LIGIV (146).  These

observations indicate that DNA-PK may facilitate the NHEJ reaction by modifying

the local chromatin environment to provide access of other DNA repair

complexes to DSBs.

New insight into the role of DNA-PKcs in NHEJ has been gained from the

identification of Artemis, a structure-specific nuclease important for processing

DNA ends during V(D)J recombination (201, 240).  Artemis is recruited to DNA

ends by DNA-PK, which activates its endonuclease-hairpin opening activity and

permits ligation of the coding ends (185).  Increased sensitivity of Artemis-

deficient cells to IR and a failure to rejoin 10% of radiation-induced DSBs

suggests an additional NHEJ function outside of V(D)J recombination (235).

However, the radiosensitive phenotype of both DNA-PKcs and Artemis-defective

cells is significantly milder than cell lines deficient for Ku or XRCC4 (88, 239,

240).  The different genetic requirements for repair radiation-induced DSBs or

breaks occurring during V(D)J and class switch recombination indicate that, in

contrast to the Ku70/80 heterodimer and LIGIV/XRCC4, DNA-PKcs/Artemis are

important for only a subset of NHEJ reactions.  The less stringent requirement for

DNA-PKcs/Artemis in NHEJ is in accordance with the fact that orthologs of these

genes have been found only in vertebrates and slime molds (126) but not in

invertebrates, plants, or fungi.

The Mre11 Complex
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The Mre11 complex consists of the evolutionary conserved Mre11 and

Rad50 subunits and the less conserved Nbs1/Xrs2 protein (Alternately referred

to as the MRN or MRX complex. Like Artemis, Mre11 is a structure-specific

nuclease.  Mre11 exhibits 3'- to 5'-dsDNA exonuclease and ssDNA and dsDNA

endonuclease activities.  The Rad50 protein is a member of the SMC (structural

maintenance of chromosome) protein family, which also includes cohesin and

condensin subunits.  Rad50 forms a structural scaffold, containing C- and N-

terminal ATPase domains that are connected by a long coiled-coil region

separated in the middle by a flexible hinge.  Scanning force microscopy revealed

that the Rad50 protein folds back in the hinge region to bring together terminal

ATPase domains.  The whole structure is stabilized by antiparallel association of

the coiled-coil regions (59).  Dimerization of two Rad50 proteins is mediated by a

zinc-finger-like hook in the hinge domain (125).  One Nbs1/Xrs2 and two Mre11

molecules interact with the Rad50 dimer, forming a complex capable of binding

and tethering DNA ends.  The Mre11 complex plays a central role in DSB repair.

It is involved in DNA damage detection and signaling, as well as in HR and

NHEJ.  MRN is among the first enzymatic complexes to arrive at a DSB,

suggesting that it acts as a DSB sensor to initiate DNA damage signaling and

repair through a pathway that includes activation of the ATM kinase (151, 173,

262).  The Mre11 complex is also essential for early steps of meiotic

recombination, where it mediates nucleolytic processing of 5'-DNA ends at

meiotic breaks (208, 209).

The NHEJ function of the Mre11 complex has definitively been established

only in budding yeast.  Deletion of any component of the complex results in a 10-

to 100-fold decrease in the efficiency of DNA end-joining assays (70).

Biochemical analysis showed that the yeast Mre11 complex has a DNA end-

bridging activity and facilitates joining of linear DNA molecules by Dnl4/Lif1 (45).

Epistasis analysis suggests that Ku, Mre11, and Lig4/Lif1 complexes participate
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in the same NHEJ pathway (24, 197, 218).  This hypothesis is further supported

by the observation that Ku augments the stimulatory role of the Mre11 in the

Lig4-dependent ligation of DNA ends in vitro (45). Thus, in yeast, genetic and

biochemical experiments indicate that the Mre11 complex acts in concert with Ku

to promote efficient alignment of DNA ends and recruitment of LIGIV.  Whether

the same interactions occur in higher eukaryotes is still not known.

The Mre11 complex can also function — independently from Ku — in the

end-joining mechanism that processes noncomplementary DNA ends (182).

Characteristic features of this pathway include fusion products with deletions

spanning up to 300 nucleotides and sequence microhomology at the fusion

points.  Accordingly, this mechanism has been dubbed microhomology-mediated

end joining (MMEJ).  The efficiency of the MMEJ pathway significantly decreases

in cells lacking MRN or the Rad1/Rad10 3'-flap nuclease, although MMEJ does

not require Ku heterodimer (182).  MMEJ is not entirely dependent on LIGIV,

indicating that its function can be substituted by another ligase, most likely Cdc9

(the yeast ligase I ortholog required for ligation of Okazaki fragments).  A current

model of MMEJ predicts that nucleolytic processing of 5'-ends of DSBs by Mre11

uncovers microhomology that can be utilized for annealing and alignment of

DSBs.  The resulting 3'-flaps are removed by Rad1/Rad10 endonuclease

generating 3'-ends suitable for gap-filling reaction and ligation (182).

The role of MRN in NHEJ in other organisms is unclear.  Repair of DSBs

in higher eukaryotes frequently occurs by an MMEJ-like mechanism that

generates microhomology at fusion junctions (232).  The human MRN complex

possesses exonuclease activity, which is stimulated by noncohesive DNA ends,

but is inhibited when a 3'-end anneals to a homologous region of another DNA

molecule.  This enzymatic property of the Mre11 complex is consistent with its

role in MMEJ (222).  However, there is no strong in vivo evidence demonstrating
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a significant contribution of the Mre11 complex to DNA end-joining repair outside

of budding yeast (64, 187, 320).

Additional DNA End Processing Factors
DSBs that occur as a result of cellular metabolism or external genotoxic

stress are most likely not amenable to direct ligation.  Such ends may be formed

by incompatible 3'- or 5'-end protrusions or contain unusual chemical structures

that must be removed to restore 3'-OH or 5'-phosphate groups.  Rejoining of

such substrates usually requires nuclease and polymerase activities that trim

incompatible sequences and fill in gaps.  So far the only nuclease unequivocally

identified to be required specifically for NHEJ is Artemis, although, as discussed

above, MRN is likely also involved.  Two nuclease complexes that cleave

branched DNA structures have been shown to contribute to efficient DNA end-

joining in budding yeast.  As discussed above, the Rad1/Rad10 nuclease

participates in MMEJ by removing 3'-flaps (182), whereas removal of the 5'-flap

intermediates arising during NHEJ is dependent, at least in part, on Rad27 (the

yeast homologue of FEN1) (316).  However, both Rad1/Rad10 and Rad27 play a

more general role in DNA repair; Rad27 is required for processing replication

intermediates, whereas Rad1/Rad10 is also involved in base excision repair and

HR.  Another enzyme implicated in nuclease processing during NHEJ is the

human Werner syndrome helicase (WRN).  In vitro studies have shown that

WRN is recruited to DNA ends via physical interaction with Ku.  This interaction

stimulates the 3' to 5' exonuclease activity of WRN (157, 158).  It remains to be

established whether WRN has a physiological function in NHEJ in vivo.

DNA polymerization and gap-filling activities during NHEJ are mediated

mainly by members of the Pol X family of nonreplicative DNA polymerases.

Genetic data implicate polymerase 4 (Pol4), the only member of the Pol X family

in budding yeast, in the repair of the subclass of DSBs that require gap-filling and
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flap-removing activities (57, 308).  Biochemical analysis revealed that the DNA

synthesis activity of Pol4 is stimulated by association with Lig4/Lif1, and that both

protein complexes interact with Rad27.  Together, these proteins coordinate

processing and ligation of DNA ends with noncomplementary 5'-ends (283, 284).

Four Pol X polymerases have been found in mammalian cells, of which three, Pol

_, Pol _, and terminal deoxynucleotidyl transferase (TdT), are involved in NHEJ

(184).  The polymerases display distinct catalytic properties, which may allow

efficient NHEJ at a wide spectrum of substrates.  While TdT adds random

nucleotides to DNA termini, both Pol α  and Pol β can perform template-

dependent gap-filling synthesis on mismatched ends.  Similar to TdT and in

contrast to Pol α, Pol β does not require alignment of the primer with the template

DNA strand (210).  Plants possess a single Pol X polymerase (most related to

Pol α) (288), whereas Caenorhabditis elegans and D. melanogaster completely

lack this class of polymerases (28) although they clearly perform NHEJ.  Hence,

expansion of the Pol X family in mammals may reflect their unique function in the

rearrangement of genes encoding immunoglobulins and T-cell receptors.

Mechanism of C-NHEJ:

While the exact mechanism of C-NHEJ remains obscure, a reasonable model is

predicted, described below:

Step 1: Ku binding:

Upon DNA damage the highly abundant Ku heterodimer, consisting of the

DNA helicases Ku70 and Ku86 binds to open DNA ends (194). It has been

estimated that the Ku protein is as abundant that if it were evenly distributed in

the cell, single molecules would be only 4-6 diameters apart from each other

(168). This way the Ku protein ensures a quick detection of DSBs and protects

the open DNA ends from nucleolytic attack (68). Structural data shows that Ku

heterodimer forms a ring and encloses the dsDNA like a bead on a thread (300).

Because purified Ku binds DNA in vitro, it is plausible to think that, additional
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loading factors may not be needed in vivo (300). Ku70 and Ku86 proteins are

very unstable if they are not part of heterodimer. Therefore, decreased Ku70

protein expression automatically leads to decreased Ku86 protein expression

and vice versa (6) (161).

Step 2: DNA-PKcs autophosphorylation
After the Ku protein associates with DNA, it recruits DNA-PKcs to the

damaged site. Upon DNA binding DNA-PKcs changes its conformation, which

triggers its kinase activity and leads to autophosphorylation (22), (237). This

autophosphorylation seems to occur in trans and implies that DNA-PKcs

molecules are bound to both DNA ends in proximity (237).

Several DNA-PKcs atuophosphorylation sites have been identified to date

and current models suggest that existence of at least three distinct functional

clusters of such sites. The first cluster, also termed ABCDE, includes the

potential autophosphorylation sites T2609 (A), T2920 / S2624 (B), T2638 (C), T

2609 (D) and S 2612 (E) (67).  In vivo, phosphorylation of the T2609 site is

essential for both cell survival and DSB repair after IR (Chen et al., 2002). Also,

DNA-PKcs pT2609 co-localizes at DNA damage foci with the DSB repair proteins

H2AX and 53BP1. In reconstitution experiments with DNA-PKcs deficient hamster

cells, expression of DNA-PKcs  mutated in all ABCDE sites lead to increased

radiation sensitivity and decreased NHEJ activity. Experiments reconstituting

NHEJ activity in vitro showed that DNA bound DNA-PKcs can control access of

other factors to the open DNA strand (233). This function of DNA-PKcs seemed to

be regulated by phosphorylation in the ABCDE cluster (233). In Summary, the

ABCDE cluster is important for the end joining activity of DNA-PKcs.

Hypothetically, another cluster of autophosphorylation sites is responsible

for kinase disassembly, because mutations in the ABCDE cluster do not abolish

such activity (192). Recently, another autophosphorylation site, upstream of the

ABCDE cluster has been identified at S2056. DNA-PKcs autophosphorylation at

S2056 is independent of ATM and is important for NHEJ efficiency. Interestingly,
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S2056 phosphorylation occurs in irradiated cells mainly in G1 but not in S phase.

Moreover, in response to replication-associated DSBs, phosphorylation of S2056

was increased and further seemed to be dependent on DNA-polymerase α or δ

activity.

Step III: DNA damage response
The cellular DNA damage response ensures that apart from the activation

of DNA repair pathways the cell reacts appropriately to the insult (335). For this,

the cell cycle is halted at checkpoints, and in the case of extensive damage,

apoptosis is induced. One of the first responses to DNA damage is

phosphorylation of the DNA damage response protein ATM at S1981 (12).

Presumably triggered by changes in chromatin atructure, ATM dimmers

autophosphorylate in trans and monomerize. This event further increases ATM

kinase activity and ATM then targets checkpoint proteins like p53, NBS1 and

Chk2, which halt the cell cycle at G1, S or G2, respectively (1), (12). Interestingly,

ATM also participates in the actual DNA repair process by phosphorylating H2AX

together with DNA-PKcs (273). Phosphorylated H2AX (γ-H2AX) is a marker for

damaged DNA regions, and it has been suggested that γ-H2AX concentrates

DNA repair proteins and prepares the chromatin for subsequent DNA repair

events (80). Recently, it was shown that ATM can also phosphorylate DNA-PKcs

at T2609.

Step IV: DNA end processing

Depending on the underlying cause, DSB can look very differently. For

this reason they require specific end processing before the final DNA ligation

reaction can occur (168). Several factors have been implicated in this process:

DNA breaks caused by IR are either blunt or staggered with either 5’ or 3’

overhanging ends.These ends can be processed by the MRN complex consisting

of the endonuclease Mre11, Rad50 and NBS1 (292). The nucleolytic resection
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activity of MRN complex also has been implicated in the HR pathway of DSB

repair (305). More extensive DNA processing may require that the DNA is

unwound by DNA helicases. For example, the Warner helicase interacts with

DNA-PKcs, is regulated by DNA-PKcs phosphorylation and might participate in

DNA end processing (157), (323)..

The formation of DSB at stalled replication forks requires DNA polymerase

activity and several DNA polymerase like α and δ has been implicated in this

reaction (228). But also DNA damage due to IR exposure might require DNA

polymerase activity, and it was shown that DNA polymerase µ forms acomplex

with Ku and XRCC4/ Ligase IV and co-localize with γ-H2AX foci (186).

During V(D)J rearrangement the recombination activating proteins 1 and 2

(RAG 1 and 2) cause DSB with hairpins (189), (252). These hairpins have to be

opened first in order to ligate both DNA strands together and to complete the

reaggangement of the immunoglobin variable region (253). After a bilong quest

for the elusive factor, it was found that in complex with DNA-PKcs the

exonuclease Artimis acquires also endonuclease activity and is therefore able to

open these hairpin structure (185). In agreement with this role, loss of function

mutations in Artimis or DNA-PKcs result in a SCID phenotype with no T or B cells

(254), (185), (214).

In order to ligate open DNA ends together, DNA ligases require a 3’ end

phosphate group. If this phosphate group is lost by the DNA damage or end

processing, the polynucleotide kinase (PNK) can phosphorylate the 3’ end and

allow DNA ligation.

Step IV: DNA end ligation
The DNA ligation step of NHEL is carried out by the XRCC4/XLF/Ligase

IV complex (99). It has been suggested that two molecules of XRCC4 are

associated with one molecule of Ligase I. While XRCC4 is the structural protein
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that may hold the open DNA ends together, Ligase IV provides the catalytic

activity to close the gap (100).. Both proteins are phosphoproteins, for Ligase IV

it was shown that it is a phosphorylation target of DNA-PKcs, while XRCC4

phosphorylation depends on other protein kinases.

Step VI: Dissociation of the DNA-PK complex
This NHEJ step is the least understood step. Assuming that the Ku

heterodimer stays on the DNA until the final ligation step, the question is how it

gets unloaded from the DNA. The first possibility is that the dimmer can be

separated by an additional factor, presumably at the expanse of ATP.In the

alternative case, Ku could be cleaved by a protease (68). In fact, a Ku70 derived

polypeptide that binds and inhibits the proapoptotic factor BAX has been recently

identified. However, the search for the responsible protease has so far been

unsuccessful. recently, it has been suggested that ubiquitination of Ku86 might

play a role for Ku unloading form the break site (229).

For DNA-PKcs it is clear that hyperphosphorylation leads to its dissociation

from Ku and DNA. However, it is not clear which DNA-PKcs phosphorylations

sites in particular are responsible for this event, and they are yet to be identified.

It is also unclear if phosphorylated DNA-PKcs gets dephosphorylated and can be

reused, or if phosphorylated DNA-PKcs is to be degraded. Even though there is

some evidence that dephosphorylation occurs, the corresponding phosphatase

has been elusive so far (66).

Disease with DBS repair deficiencies:
Human diseases can occur when components of the DNA DSB pathway

are dysfunctional. Deficiencies in repairing DSB lead particularly to pronounced

clinical radiosensitivity. Most of these diseases show similar in vitro cellular

phenotypes, such as sensitivity to ionizing radiation and other DSB-inducing
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chemicals, cell cycle checkpoint defects or a high frequency of chromosomal

breaks and rearrangements.

Ataxia telengiectasia:
Ataxia telengiectasia (A-T, a rare autosomal recessive syndrome resulting

from mutations in the ATM kinase is a prime example of the consequences of an

inappropriate response to DNA DSBs. A-T is a multisystem disorder that includes

telangiectasia (dilated blood vessels, usually ocular), immunodeficiency and

proneness to malignancies particularly lymphoma and leukemia. However, the

most prominent clinical manifestation of A-T is the progressive ataxia

characterized by the loss of Purkinje and granular cells in the cerebellum,

confining A-T patients to the wheelchair generally by age of 10 or younger. At

cellular level, ATM deficiency is manifested by increased sensitivity to ionizing

radiation and other agents that yield DNA DSBs but little or no hypersensitivity to

other forms of DNA damage.

Ataxia telengiectasia-like disorder:
Ataxia telengiectasia-like disorder (ATLD) shows similar features to those

of A-T including neurodegeneration. ATLD results from hypomorphic mutations of

MRE11 that lead to attenuated levels of all three component of MRN complex.

Although an increase incident of tumors is not reported in ATLD, small number of

individuals with this syndrome leaves this an open question. MRE11 is a member

of the Mre11- Rad50- Nbs1 (MRN) protein complex. MRN and its individual

components are involved in response to cellular damage induced by ionizing

radiation and radiomimetic chemicals, including complexing with chromatin and

with other damage response proteins, formation of radiation-induced foci, and

induction of different cell cycle checkpoints.

Nijmegen breakage syndrome:
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Nijmegen breakage syndrome (NBS) is a rare autosomal recessive

disorder characterized by microcephaly, immunodefficiency, and in increased

incidence of hematopoietic malignancies. NBS results from hypomorphic

mutation of another MRN component, Nbs1 (65). Nbs1 is located on human

chromosome 8q21 and codes for a protein product called nibrin, Nbs1 or p95.

Over 90% of patients are homozygous for a founder mutation: a deletion of five

base pairs which leads to a frame shift and protein truncation. The protein Nbs1

is suspected to be involved in the cellular response to DNA damage caused by

ionizing radiation, thus accounting for the radiosensitivity of NBS.

The phosphorylation of Nbs1 by ATM would indicate that ATM acts

upstream of the MRN complex. Consistent with this were the suggestions that

ATM could be activated in the absence of fully functional Nbs1 protein. In

contrast, the regulation of some ATM target proteins, e. g. Smc1 requires the

MRN complex as well as ATM. Mbs1 may, therefore, be both substrate for ATM

and mediator of ATM function. Recent studies that indicate a requirement of the

MRN complex for proper ATM activation suggests that the relationship between

ATM and the MRN complex in the DNA damage response is yet to be fully

determined.

It has been proved that a small increased fraction of unrejoined double

strand breaks and. More significantly, increased chromosome breaks in non

cycling Nbs1 cell at 24 h after irradiation (93). One of the Nbs1 lines examined

(347BR) was atypical in showing a nearly normal checkpoint response. In

contrast to the mild checkpoint defect, 347BR displayed marked γ-ray sensitivity

similar to that shown by other Nbs1 lines. Thus the γ-ray sensitivity correlates

with the repair defect rather than impaired checkpoint control. Taken together,

the results provide direct evidence for a repair defect in NBS cells and are

inconsistent with the suggestion that the radiosensitivity is attributed only to

impaired checkpoint arrest. 347BR also displays elevated spontaneous damage
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that cannot be attributed to impaired G2-M arrest, suggesting a function of Nbs1

in decreasing or limiting the impact of spontaneous arising double strand breaks.

DNA-PKcs:

Recently the van Gent laboratory has described the first human RS-SCID

patient, with a missence mutation in DNA-PKcs (293). The mutation L3062, did

not affect the kinase activity or DNA end-binding capacity of DNA-PKcs itself. But

the presence of long P-nucleotide stretches in the immunoglobulin coding joints

indicated that the mutation caused insufficient Artimis activation. They also found

that the overall end-joining activity was also compromised, suggesting an

Artemis-independent DNA repair function of DNA-PKcs. Most importantly, this

study suggests that residual DNA-PKcs activity is indispensable in humans. On

the other hand, recently a study from our group also demonstrated that DNA-

PKcs is not essential for human somatic cells, though deletion of this gene leads

to severe proliferation defects, genomic instability and shortening of telomere

length (245).

LIGIV syndrome:
Hypomorphic mutations of Ligase IV that attenuate LIGIV activity lead to

LIGIV syndrome whereby individuals display similar phenotypes to NBS such as

unusual facial features, growth retardation and microcephaly (216). Ligase IV is

important in NHEJ and V(D)J recombination. Ligase IV syndrome patients

display immunodeficiency. Cells from these individuals are radiosensitive and

defective in NHEJ repair of DNA DSBs. Immunodeficiency also occurs in

individuals with mutations in the XRCC binding protein, XLF/Cernunnos and a

similar neuropathology to LIG4 syndrome is present (26).

In a previous in vitro study, a DNA ligase IV-null human pre_B cell line and

human cell lines with hypomorphic mutations in Ligase IV have been shown to be

significantly impaired in the frequency and fidelity of end joining (265). Analysis of

the null line demonstrated the existence of an error-prone DNA Ligase IV-
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independent rejoining mechanism in mammalian cells. Analysis of lines with

hypomorphic mutations demonstrates that residual DNA Liogase IV activity,

which is sufficient to promote efficient end joining, nevertheless can result in

decreased fidelity of rejoining. Thus, DNA Ligase IV is an important factor

influencing the fidelity of end joining in vivo. The Ligase IV defective cell lines

also showed impaired end joining in an in vitro assay using cell-free extracts

(265). Finally, they demonstrate that the ability of DNA ligase IV along with

XRCC4 to protect DNA ends may contribute to the ability of DNA Ligase IV to

promote accurate rejoining in vivo.

It has been shown that DNA Ligase IV deficient (180BR) human cells have

a pronounced repair defect after ionizing radiation doses between 10 and 80 Gy

by pulse field gel electrophoresis (PFGE). At higher doses, the mutation in

180BR cells leads to more severe repair defect, indicating that mutated DNA

Ligase IV protein can handle a small but not an excessive number of DSBs. The

DSB repair of the Ligase IV null pre-B cells N114P2 with targeted disruption of

both Ligase IV alleles is significantly impaired in comparison with the time course

of the DNA Ligase IV-deficient primary fibroblasts. The difference is most

pronounced for repair times of 8 and 24 h in N114P2 cells compaired with 180BR

cells, more than twice as many unrepaired DSBs.

Artemis:
Mutations in the Artemis protein in humans result in hypersensitivity to

DNA double-strand break-inducing agents and absence of B- and T-

lymphocytes (radiosensitive severe combined immune deficiency (201). Artemis

cleaves DNA hairpin intermediates during V(D)J recombination in an ATM-

independent manner (185). However, it mediates the repair of a fraction (10%) of

DSBs incurred after ionizing radiation in an ATM-independent manner (Riballo et

al., 2004). Current models suggest that Artemis functions to process the neds of

otherwise non-ligatable DSBs prior to logation by core NHEJ factors (176). The
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mechanism of Artemis activation in vivo is unclear, although Artemis is rapidly

hyperphosphorylayted in an ATM-dependent manner after exposure to DSB-

inducing agents. ATM and other PIKKs, including DNA-PKcs, preferentially

phosphorylate serine or threonine followed by glutamate (S/TQ) motifs. Artemis

contains 10 such sites, of which eight are located in the C-terminal 200 amino

acids. Artemis cDNA mutated in seven of these sites was able to complement the

radiosensitivity of Artemis-deficient cells. Despite this, other studies have

suggested that phosphorylation of Artemis by DNA-PKcs leads to endonuclease

activation (185), (184), (183).

In previous study, the major DNA-PK and ATM phosphorylation sites

within Artemis (S503, S516 and S645) was identified under physiological relevant

ionic conditions, and showed that ATM-dependent Artemis phosphorylation at

S645 occures in vivo (95). ATM cannot substitute for DNA-PK to suppor Artemis

activity in vitro, supporting the in vivo dependency upon DNA-PKcs.

Given the existence of the NHEJ-deficient patients described above, it is

surprising that patients with mutations for Ku70, Ku86 or XRCC4 have not yet

been described. In mice, the functional inactivation of XRCC4 results in lethality

(88), and if the essential feature of this gene is conserved in humans, this would

perforce explain its absence in patients. Similarly, although Ku70 and Ku86

knockout mice are viable and a plethora of Ku-null cell lines have been described

previously (330), no spontaneous whole animal model defective in either Ku

subunit have been ever reported. Moreover, the functional inactivation via gene

targeting of Ku70 (77) or Ku86 (161) results in nonviable human somatic cells.

Extrapolation of these observations concerning Ku to humans suggests that the

human Ku subunits are essential, and this explains the absence of Ku-deficient

patients.

Interaction between HR and NHEJ:
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It has been proposed that HR and NHEJ are not necessarily independent,

since coordination action of both pathways is invoked by cell in order to repair a

DSB with minimal error (236), (247). Thus both HR and NHEJ repair pathways

are required to maintain genomic integrity, even in the absence of a specific

genotoxic insult. Several studies in hamster cells have suggested that when

NHEJ is impaired, HR seems to increase and vice versa (236), (5). Furthermore,

cells obtained from DNA-PKcs- deficient SCID mice that are impaired in NHEJ

and V(D)J recombination show more efficient levels of HR (227). There is a

reported interaction between ATM and DNA breaks at the site of V(D)J

recombination, suggesting that ATM also plays a role in NHEJ and V(D)J

recombination. Altogether, different types of DSB repair are intricately linked

together in a dynamic fashion with cell cycle regulation, but with sufficient

flexibility to allow for redundancy and backups should one factor or type of repair

fail.

Back-Up (Ku-independent) NHEJ:
NHEJ appears to consist of at least two sub-pathways: the main end-

joining pathway described above (C-NHEJ) and one interchangeably referred to

as MMEJ (microhomology-mediated end joining), A-NHEJ (alternative-NHEJ) or

B-NHEJ (backup-NHEJ) (hereafter referred to as B-NHEJ) mediated by signature

microhomologies. Thus, mammalian cell lines defective for Ku, DNA-PKcs, LIGIV

and XRCC4 are still proficient for some NHEJ, but the majority of the repair

products carry significant microhomlogy at the repair junction (215), (190).

The genes and mechanism required for the B-NHEJ are poorly defined, but there

are some interesting clues. First, MRE11, the 3’ > 5’ exonuclease, required for

HR, has enzymatic properties consistent with it also plays a role in B-NHEJ

repair (222).  Similarly, chromosomal translocations and DNA repair events in

yeast cells deficient in MRE11 often lack microhomology at their junctions (23),

(41). More recent work from a number of laboratories (11 (Guirouilh-Barbat, 2004
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#965), (108), (302) has also implicated a trio of genes (PARP-1: XRCC1: LIGIII;

poly (ADP-ribose) polymerase-1: XRCC1: DNA ligase III) that were previously

best understood for their roles in base excision repair (32) PARP-1, XRCC1 and

LIGIII physically interact and exist as a complex within cells (31), (32). PARP-1 is

a highly abundant nuclear protein that binds rapidly to DNA DSBs and catalyzes

the transfer of ADP-ribose from its substrate NAD+ to variety of DNA repair

factors, albeit mainly to itself (312). PARP-1 has its well-documented role in

ssDNA repair (312). Whereas its potential role in DSB repair has only recently

been appreciated (310). Murine knockouts of PARP-1 are viable (303) although

they show defects in chromosome stability, especially when crossed into p53-

deficient (281). The genetic analysis of PARP-1 has been complicated by the

presence of one clear homolog, PARP-2, whose functional redundancy with

PARP-1 is not understood. LIGIII is one of the three eukaryotic ligases and, like

PARP-1, it has a well documented role in ssDNA repair. LIGIII encodes four

isoforms that differ at their C-termini and their cellular localization (nuclear or

mitochondrial), but LIGIIIα, which is constitutively bound to XRCC1, appears to

be the biologically more important isoform. Murine knockouts of LIGIII are not

viable (230). XRCC1 does not contain any obvious motifs, but appears to serve

as a scaffold into which other proteins bind. In addition, it acts as a stability factor

for LIGIII as loss of XRCC1 expression is accompanied by reduced LIGIII level

(175). Murine knockouts of XRCC1 are not viable (278).

While the evidence for a biological role for B-NHEJ is repairing IR-induced

DSBs is weak, the evidence for a significant role in V(D)J and class

recombination seems unequivocal (52), (321).

V(D)J recombination, CSR and SHM:
Mutations that affect DNA DSB repair frequently also affect the pathways

responsible for site-specific and general recombination (170). This overlap of

recombination and DSB repair pathways is presumed to result from the
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postulated role of double-stranded ends as structural intermediates in many

types of recombination and repair (120). In mammals, the generation of the

immune system requires a somatic site-specific re-arrangement process termed

V(D)J recombination (223). In progenitor cells, large clusters of isolated V, D and

J elements are extracted from these clusters and enzymatically assembled to

generate a functional V(D)J element that will ultimately partially encode an Ig or

TcR protein, respectively. V(D)J recombination is conceptually broken down into

lymphoid-specific and general steps. The upstream lymphoid site-specificity of

this event is mediated by cis-acting RSSs (recombination signal sequences) that

consist of conserved heptamer and nonamer elements separated by a spacer of

defined length (12 or 23 nucleotides) but of with no sequence conservation (124).

A RSS flanks the 3’- side of every V element, both sides of D elements and 5’-

side of every J element, which promotes the ordered (D joins only to J and V

joins only to DJ) assembly of Igs and TcRs. A pair of RSSs are recognized by

RAG-1: RAG-2 (recombination activating genes 1 and 2, respectively)

recombinase and bought together into a synaptic complex. The RAG-1: RAG-1

recombinase introduces single-stranded nicks adjacent to the RSS and the V, D

or J element to which it is bound. Subsequent interstrand trans-esterification

reactions results in hairpinned V, D or J coding ends and blunt RSSs. RAG-1:

RAG-2 are necessary and sufficient for all of these lymphoid-specific upstream

events and mutation of either gene causes primary immune defficiencys (199).

Additional downstream general events that are carried out by the NHEJ branch of

the DSB reapir pathway are, however, required to rejoin the RSSs (termed signal

joint formation) and coding ends (termed coding joint formation) back together. In

particular, the hairpinned coding ends are eventually nicked back open by DNA-

Pkcs:Artemis complex (185), processed with nucleotide additions and/or deletions

and then joined together by LIGIV:XRCC4:XLF complex. The RSS ends are

generally joined into a signal joint by the LIGIV:XRCC4:XLF complex without any

additional processing. Again, mutations which disrupt NHEJ result in a novel form
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of primary immuno deficiency denoted RS-SCID (radiation sensitive-SCID) due

to the manifested defects in DNA DSB repair and V(D)J recombination.

Following productive V(D)J recombination in B-cells, functional Igs can

undergo the additional process called CSR and SHM that enhance either the

effector function or the affinity of the antibody, respectively (96). CSR is a

somatic DNA recombination process initiated or by another recombinase AID

(activation induced deaminase) in which the constant region isotype domain

downstream of a productive V(D)J recombination event is altered. In SMH, point

mutations that result in amino acid changes are introduced into the V(D)J portion

of a functional Ig gene. Amino acid changes that increase the affinity of an Ig for

its antigen can then be selected for in the periphery. Mechanistically, CSR and

SHM occur by AID- induced deaminations of cytosine residues to uracils, which

are subsequently removed from the DNA by UNG (uracil nucleotide gycosylase)

to leave a nick in the DNA. In the case of CSR it is believed that 2 closely-spaced

nicks on opposing strands generates a DSB whereas in case of SMH, the nicks

are probably repaired with relaxed specificity to permit incorporations of non-

cytosine residues (96). Since DSBs are generated during CSR it is not surprising

that this process is also mediated by NHEJ. Intriguingly, however, mutations in

C-NHEJ genes, which ablate V(D)J recombination, have a reduced impact on

CSR (38).  This is due to the ability of CSR to utilize factors from the B-NHEJ

sub-pathway (215). Given these mechanistic constraints it is not surprising that

mutations of AID, UNG, C-NHEJ or B-NHEJ factors results in immuno deficiency.

AAV and rAAV:
AAV is a human parvovirus that has both lytic and latent lifecycle reviewed

by (205), (298). The lytic part of the AAV life cycle, during which AAV is

replicated, requires the presence of a helper virus, generally adenovirus or

herpes virus. Thus, AAV has only been detected in individuals undergoing the

symptoms of an adenoviral (9) or herpes simplex virus (27) infection.

Approximately 85% of the human population is seropositive for AAV and there is
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no pathology nor disease attributed to an AAV infection (205). During a latent

infection, AAV integrates stably into the human genome, preferentially, but not

exclusively, at a site (AAVS-1; AAV integration site-1) on chromosome 19q13.4

(249). It was characteristic of site-specific integration that first drew the attention

of gene therapy field to AAV, since the use of AAV as a gene delivery vector

wouldn’t have the serious problem of random insertional mutagenesis attendant

with other viral vector delivery system (111), reviewed by (212).

AAV is a single-stranded DNA virus of 4.68 kb. Either strand of a latently

integrated AAV DNA can be packaged (241) and both are equally infectous.

Multiple serotypes of the virus are known and although only the AAV-2 serotype

is routinely utilized in the laboratory, work is underway to expand the utility of the

other serotypes. AAV encodes two genes, Rep (replication) and Cap (capsid).

Rep is required for viral replication, needed for viral integration and can

potentiate viral gene expression. Rep protein mediates AAVS1 integration by

binding to Rep binding sites within the AAVS1 and AAV ITRs (inverted terminal

repeats). Rep nicks at the TRS (terminal resolution site) within the AAVS1 and

the ITRs and at least the former nick is absolutely required for targeted

integration (325). Cap encodes the viral capsid proteins, of which 3 isoforms,

VP1, VP2 and VP3, exits (130). The Rep and Cap genes are flanked by identical

ITRs of 145 bp that form T-Shaped hairpins, due to three palindromic sequences

residing within the ITRs (181). The ITRs are essentially the only cis-acting

sequences necessary foe viral replication, packaging and integration.  This fact

greatly facilitated the development of rAAV first as a gene delivery and later as a

gene-targeting vector. Thus, if Rep and Cap are provided in trans, then the

internal 4.39 kb of AAV can consist of recombinant DNA of the investigator’s

choosing (81). Similarly, the adenoviral gene products E1A, E1B, E4, E2A and

VA are required for AAV replication (205). Originally, these were provided by co-

infecting with live adenovorus, which, of course, precluded the use of the
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resulting AAV stock for gene therapy experiment for gene therapy experiments.

This significant detriment was overcome once again simply by providing

recombinant adenoviral functions in trans. In Summary, AAV has been known to

the research community for some 4 decades and the lifecycle of the virus is quite

well understood. The virus was subsequently conscripted in the 1980s by

investigators who were interested in viral vectors for use in gene therapy and

clinical trials using AAV are well underway (reviewed by (Mueller, 2008 #1047).

Recombinant molecular biological methodologies were then used to develop a

rAAV system for the production of virus stocks that could productively infect

every human (and many other mammalian) cell line tested to date.

This story took an unexpected and surprising turn in 1998, when Russell

and Hirata demonstrated that rAAV vectors could be used for gene targeting

(246). Impressively, they used rAAV not just to inactivate genes, but to introduce

defined modifications into homologous chromosomal sequences at high

frequency. They demonstrated this first with a NEO (neomycin

phosphotransferase) reporter construct, but also showed that they could modify

an endogenous locus (HPRT; hypoxanthine phosphoribosyl transferase) with

very similar efficiency (246). In the intervening 8 years, the Russel laboratoty and

many others have confirmed and extended these original observations. Thus, 18

endogenous loci have been inactivated in a wide variety of human cell lines,

ranging from investigator favorites like HCT116 and NALM-6 to normal diploid

fibroblast or stem cell lines. The most spectacular use of rAAV to date was the

correction of a dominant negative mutation in the COL1A1 genein stem cells

derived from patients afflicted with osteogenesis imperfecta (39). Overall, 234

rAAV-mediated, correctly-targeted events have been recorded from a total of

6,305 viral integrations. This is an overall targeting frequency of 3.7%, which is

far better than the traditional transfection-based approaches.

Why rAAV works so well for gene targeting is not clear. A priori, the viru,

because of its ITRs, has at least 145 nt of non-homology at either end of the
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donor DNA and this is generally a serious, if not insurmountable, deterrent to

homologous integration (82). Moreover, because the drug selection cassettes

that are usually present on a targeting are ~2 kb length, this restricts the left and

right homology arms to ~1.0 kb apiece, such that the resulting recombinant virus

can be packaged properly. This length of homology for the arms is extremely

short in comparison to traditional approaches using transfection of linear dsDNA,

where arms of at least 3 to 8 kb are standard. That rAAV gene targeting does

work, however, is indisputable. Since invasion of a single-stranded donar DNA

into the recipient chromosome is an essential feature of gene targeting, it is

possible that rAAV – a ssDNA virus – directly becomes a HR intermediate and

many modles cartoon the single-stranded viral DNA as the strand invader (298).

The large stimulation in gene targeting, however, that accompanies the

introduction of DSB at the target locus and the recent demonstration that

transduction is correlated with the conversion of viral ssDNA to dsDNA suggest

more classical models of gene targeting using either on or two ends of linear

dsDNA (148).  Needless to say, a fuller understanding of the mechanism of rAAV

integration and a better ability to manipulate it should facilitate clinical trials.

Moreover, research into other features, such as cell cycle and transcriptional

effects, the impact of chromatin structure and promoterless selection schemes,

etc. are also likely critical parameters and it is an almost certainly that the current

rAAV gene targeting efficacy can be substantially optimized.
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CHAPTER II

Ku70, an Essential Gene, Modulates the Frequency of

rAAV-Mediated Gene Targeting in Human Somatic Cells
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Introduction
Somatic gene targeting is defined as the intentional modification of a genetic

locus in a living cell (1).  This technology has two general applications of interest

and importance.  One is the inactivation of genes (“knockouts”), a process in

which the two wild-type alleles of a gene are sequentially inactivated in order to

determine the loss-of-function phenotype(s) of that particular gene.  The second

application is the clinically more relevant process of gene therapy, which, in a

strict sense, involves correcting a preexisting mutated allele of a gene back to

wild-type (“knock-ins”) in order to alleviate some pathological phenotype

associated with the mutation.  Importantly, while these two processes are

conceptually reciprocal opposites of one another, they are mechanistically

identical — as both require a form of DNA double-strand break (DSB) repair

termed homologous recombination (HR).

In HR (2), the ends of the donor dsDNA are resected to yield 3’-ssDNA

overhangs, which are targets bound by RAD51 and RAD52.  RAD51 is a potent

strand exchange protein and together with RAD54 (3), an ATPase that remodels

chromatin, it facilitates crossover of the incoming donor DNA with its cognate

chromosomal homologous sequences.  This gene targeting event generates a

complex structure that is identical to the linearized plasmid “ends-out”

recombination intermediates that have been defined in yeast (4).  Resolution of

this structure requires the action of helicases, polymerases, resolvases and

ligases in a complicated process that has not yet been rigorously defined (2).

Importantly, human cells express all of the HR gene products needed to carry out

gene targeting (1).  These events occur, however, only at a low frequency due to

the preferred usage of a competing pathway of DNA DSB repair, nonhomologous

end joining (NHEJ).

NHEJ, is an evolutionarily conserved process that joins nonhomologous

DNA molecules together (5).  In their seminal work on gene targeting, Capecchi

and co-workers showed that although somatic mammalian cells can integrate a
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linear duplex DNA into corresponding homologous chromosomal sequences

using HR, the frequency with which recombination into nonhomologous

sequences occurred via NHEJ was at least 1000-fold greater (6).  While not all

the details of NHEJ have been elucidated, much is known about the process.

First, the heterodimeric Ku (Ku86:Ku70) protein binds onto the ends of the donor

DNA and prevents the nucleolytic degradation that would otherwise shunt the

DNA into the HR pathway (see above; (5)).  The binding of Ku to the ends of the

DNA then recruits and activates the DNA-dependent protein kinase complex

catalytic subunit (DNA-PKcs).  This DNA:protein complex is then brought into

contact with a chromosome into which a DSB is introduced by a mechanism that

is poorly understood although it correlates frequently with chromosomal

palindromic sequences (7).  Regardless, the chromosomal ends are probably

also occupied by Ku and DNA-PKcs and this facilitates the formation of a synaptic

complex with the donor DNA (8).  Once DNA-PKcs is properly assembled at the

broken ends, it, in turn, recruits additional factors such as the nuclease, Artemis,

to trim the ends and a DNA ligase complex consisting of DNA ligase IV

(LIGIV):X-ray cross complementing group 4:XRCC-4-like factor, to seal the

break(s) (5).  In summary, humans are different from bacteria and lower

eukaryotes in that DSB repair proceeds primarily through a NHEJ

recombinational pathway.  Moreover, NHEJ must be overcome in order to

facilitate gene targeting and this can only occur when the incoming DNA is

shunted into the HR pathway.

Adeno-associated virus (AAV) is a nonpathogenic parvovirus — with a

natural tropism for human cells — that is dependent upon a helper virus (usually

adenovirus and hence the name) for a productive infection (9).  In the intervening

decade since it was demonstrated that recombinant AAV (rAAV) could be used

as a vector for gene targeting in human cells (10), this methodology has gained

wide acceptance (1).  Seventeen different genes have been modified (generally

knocked-out) in a plethora of immortalized and normal diploid human tissue
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culture lines ((1) and unpublished data).  Moreover, human adult stem cell lines

derived from osteogenesis imperfecta patients afflicted with a dominant negative

mutation in the COL1A1 gene have been corrected (a knock-in) with rAAV

vectors (11).  Lastly, over 20 clinical gene therapy trials utilizing rAAV are

currently in progress.  There are, however, reports of potential difficulties with the

clinical use of rAAV vectors.  In particular, a recent report found that in a mouse

model for lysosomal storage disease mucopolysaccharidosis VII, the random

integration of rAAV was associated with a high incidence of hepatocellular

carcinoma ((12); reviewed in (13)).  Thus, a better understanding of the

mechanism of rAAV-mediated gene targeting and the factors that influence the

frequency with which it correctly targets (presumably HR-mediated) versus those

that influence its random integration (presumably NHEJ-mediated) clearly seems

warranted.

Our laboratory has shown that the NHEJ gene Ku86 is essential in human

somatic cells using classic gene targeting methodologies (14).  To extend these

studies to Ku70, we have utilized a rAAV vector approach.  As expected, these

experiments demonstrated that Ku70 is also essential.  Surprisingly, however,

the frequency of correct gene targeting increased 5- to 10-fold in Ku70

heterozygous (Ku70+/-) cells.  RNA interference and short-hairpinned RNA

strategies to deplete Ku70 phenocopied these results in wild-type cells and

greatly accentuated them in Ku70+/- cell lines.  To support the generality of these

findings, we extended them to an additional two loci, the chemokine (C-C motif)

receptor 5 (CCR5) gene and LIGIV, and observed similar effects.  Thus, Ku70

protein levels influenced the frequency of correct rAAV-mediated gene targeting

in human somatic cells.  Our data demonstrate that gene-targeting frequencies

can be significantly improved by impairing the NHEJ pathway and we propose

that Ku70-depletion can be used to facilitate both knockout and gene therapy

approaches.
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Results
Use of Gene Targeting to Generate Ku70-Null HCT116 Cells.
We have generated, using rAAV-based methodology, a Ku70+/- HCT116 cell line

((15); Fig. 1B).  HCT116 is a human colon carcinoma cell line that is diploid, has

a stable karyotype and is wild type for almost all the DNA DSB repair, checkpoint

and chromosome stability genes that have been examined ((1); Fig. 1A).  Ku70+/-

HCT116 cells showed haploinsufficient deficits as they grew slower, were more

sensitive to ionizing radiation and had shortened telomeres in comparison to the

parental cell line (15).  These phenotypes were not unexpected as heterozygous

Ku86 (Ku86+/-) HCT116 cells had similar haploinsufficiencies (14, 16).  Since we

had also subsequently shown that human Ku86 null (Ku86-/-) cell lines were not

viable, we wanted to extend this observation to human Ku70-deficient cells.  To

experimentally achieve this goal, one of the Ku70+/- clones (#53; Figs. 1B and

2A) was transiently exposed to Cre recombinase.  Cre should excise the internal

neomycin selection cassette, which is flanked by loxP sites, within the integrated

targeting vector (Fig. 1B).  Forty-eight single cell clones were picked, duplicated

into media containing or lacking G418 and G418-sensitive clones were identified.

Correct excision of the neomycin gene was confirmed by the generation of a

diagnostic ~350 bp PCR product with the primer set 70 Cre F and 70 Cre R (Fig.

1C; Fig. 2A, 53-39 lane).  Seven such clones were obtained in this fashion and

one of them, #53-39, was used for a second round of gene targeting with the

original targeting vector containing the neomycin selection cassette.  Productive

infection of #53-39 cells should produce three potential outcomes: 1) random

targeting (the majority of the events), 2) correct targeting, but of the already

inactivated allele from the first round of targeting (i.e., “retargeting”; Fig. 1D), or

3) correct targeting of the remaining functional allele to generate the desired null

clone (Fig. 1E).  Several diagnostic PCR strategies were utilized to distinguish

these events (Fig. 1).  In two separate screens (elaborated in detail below) a total

of 27 correctly targeted clones were obtained.  Strikingly, all 27 clones were
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retargeted.  This conclusion was substantiated by the fact that although all of the

clones were correctly targeted (Fig. 1D; Fig. 2B top & data not shown), they still

retained exon 4 sequences (Fig. 2B, bottom & data not shown).  Moreover, all 27

of the clones still expressed Ku70 protein at levels that were ~50% of that

observed in the parental cell line (Fig. 2C and data not shown).  The large

disequilibrium in gene targeting in which 27/27 clones were re-targeted and no

null clones were obtained strongly suggests that Ku70, like Ku86, is an essential

gene in human somatic cells.

Diminished Ku70 Protein Levels Increase the Gene-Targeting Frequency of
the Ku70 Locus in HCT116 Cells.

The above results, while important, were rather expected.  One surprising

finding, however, was observed.  Our initial frequency for obtaining Ku70+/- cell

lines was 0.69% — 3 correctly targeted clones identified from 437 G418-

resistant, internal control PCR-positive, clones screened ((15); Table 1).  In the

first attempt to obtain a null clone, 4 correctly targeted clones (all retargeted)

were identified from a total of 97 G418-resistant colonies, for a targeting

frequency of 4.12% (Table 1).  This represented a 6-fold (4.12/0.69 = 5.97)

increase in the gene targeting frequency in Ku70+/- cells.  To investigate whether

the reduced Ku70 expression level was facilitating a higher frequency of correct

targeting, we attempted to phenocopy this effect.  Thus, the parental HCT116 cell

line (Ku70+/+) was utilized to stably express a short hairpin RNA (shRNA) —

obtained from the MISSION™ TRC-Hs 1.0 (human) lentiviral shRNA library (17)

— targeting Ku70.  Five different shRNA sequences (#608, #609, #610, #611

and #612) were tested for their ability to knockdown the level of Ku70 in HCT116

cells.  Among these five sequences, #609 and #610 reduced Ku70 expression

the best — to about ~10% of that observed in the parental line (Fig. 3A).  The cell

line expressing the shRNA sequence #610 (Ku70shRNA) was used for Ku70 gene

targeting and 2 of 65 total clones were correctly targeted (Table 1).  This
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represented a 4.6-fold increase over the parental HCT116 line.  Next, we utilized

the siGENOME SMARTPool on the parental HCT116 cells to silence Ku70

expression to ~20% of that observed in the control transfected population (Fig.

3B).  These cells (Ku70siRNA) had a 8.4-fold increase in gene targeting (10/173;

5.78%; Table 1).  To extend this line of experimentation to its logical conclusion,

siRNA was used in an attempt to further knockdown Ku70 protein expression in

53-39 Ku70+/- cells that already contained reduced levels of Ku70 due to genetic

ablation.  Thus, 53-39 Ku70+/- cells were transfected twice at 24 hr intervals with

the siGENOME SMARTPool for Ku70.  A significant reduction in Ku70 protein

levels as assessed by Western analysis 48 hr following the first siRNA treatment

was observed (Fig. 3B, 53-39 + siRNA).  53-39 Ku70siRNA cells expressed ~5%

the Ku70 protein when compared to the parental cells.  Moreover, the Ku86

protein level in 53-39 Ku70siRNA cells was also decreased confirming previous

observations suggesting that the stability of Ku70 and Ku86 are coordinately

linked (5, 14).  Impressively, 23 correctly targeted (all retargeted) clones were

recovered from 111 G418-resistant clones screened, for a targeting frequency of

20.72% (Table 1).  This represented a 30-fold increase in gene targeting

compared to the parental line.  It is important to note that this was a minimum

frequency since a statistically equal number (i.e., 23) of null clones were

presumably not recovered because Ku70 is essential.  In toto, these results

demonstrated that lowering the expression level of Ku70 significantly increased

the gene targeting frequency at the Ku70 locus in HCT116 cells.

Diminished Ku70 Protein Levels Increase the Gene-Targeting Frequency at
Other Loci in HCT116 Cells.
To investigate the generality of the enhancement of gene targeting by Ku70

depletion, the gene targeting frequency at another locus, chemokine (C-C motif)

receptor 5 (CCR5), was determined.  CCR5 is a cell surface co-receptor for the

human immune deficiency virus and has no known role in DNA repair (18).
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Moreover, a rAAV targeting vector for CCR5 and methodologies for identifying

correct targeting events had already been well-established by the laboratory of

Bert Vogelstein (19).  Using this vector and these methodologies, we determined

that the targeting frequency for the parental cell line was 1.06% (Table 2).  In four

independent Ku70-reduced backgrounds we observed a significant increase in

the correct gene targeting frequency (Table 2).  This included Ku70shRNA cells

(5.2%; a 4.5-fold increase), Ku70siRNA cells (5.3%; a 4.6-fold increase), 53-39

(Ku70+/-) cells (6.6%; a 5.8-fold increase) and 53-39siRNA cells (9.9%; a 8.6-fold

increase).  Thus, without exception and regardless of which technique was

utilized, a reduction of Ku70 expression increased the frequency of gene

targeting 4- to 9-fold at the CCR5 locus.

Finally, the effect of Ku70 depletion on gene targeting frequency at the

LIGIV locus was analyzed.  Recently, our laboratory has generated LigIV+/- cell

lines in a HCT116 background using a rAAV-mediated knockout approach (Oh,

S. and Hendrickson, E. A., manuscript in preparation) by deleting part of exon 3

of this locus.  Two correctly targeted LIGIV cell lines were identified from 176

drug resistant clones screens, for a targeting frequency of 1.13% (Table 3).

When these studies were repeated in the Ku70+/- clone 53-39, 6 correctly

targeted LIGIV cell lines from 148 drug-resistant clones were identified.  This

corresponds to a 4.05% targeting frequency and a 3.6-fold increase in gene

targeting in comparison to the parental line.

In summary, multiple targeting experiments at 3 different loci (Ku70, CCR5

and LIGIV) demonstrated that a reduction in Ku70 expression facilitates correct

gene targeting in human somatic cells.

Diminished Ku70 Protein Levels Do Not Decrease the Frequency of rAAV
Random Integration.

An explanation of the above results is that in the presence of reduced levels of

Ku70, the number of correct gene targeting events increases.  An alternative
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possibility is that the absolute number of correct targeting events remains

constant, but that the number of random integration events is decreased.  To

experimentally test this latter possibility, the frequency of random integration

events was measured.  Equal numbers of the parental cells (WT HCT116),

parental cells expressing shRNA (WT + shRNA), Ku70+/- cells (53-39) and

Ku70+/- cells expressing shRNA (53-39 + shRNA) were independently infected

with three different concentrations of two different rAAV viral stocks.  Two to

three weeks later, the total number of drug-resistant colonies was scored.  There

was no statistically significant difference between any of the cell lines for either

virus at any concentration (Supplementary Fig.1).  Thus, we conclude that a

reduction in Ku70 in human somatic cells does not result in a reduction of

random integration of rAAV gene targeting vectors.
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Discussion
Ku70 is Essential in Human Somatic Cells.
The Ku heterodimer is a well-conserved protein(s), with homologs known to exist

in every species from bacteria to humans (5).  In all organisms examined,

mutations in either Ku subunit result in the expected deficits in DNA DSB repair,

DNA recombination and sensitivities to DNA damaging agents.  Importantly, in all

organisms — with one glaring exception — Ku is nonetheless dispensable for

viability.  Intriguingly, humans appear to be unique in that Ku has evolved into an

essential gene.  This hypothesis is supported by the lack of documentation for

even a single patient with a mutation in either Ku subunit.  Moreover, the targeted

disruption of both alleles of the Ku86 gene in human HCT116 somatic cells was

lethal (14).  The reason why Ku should be uniquely essential in humans is not

clear although a role in telomere maintenance seems likely (16).  Here, we

corroborate the hypothesis that Ku is essential in humans by demonstrating that

Ku70-null cells are not viable.  This conclusion was based upon 27 recovered

second round targeting events, which occurred solely on the already inactive

allele (Fig. 2 and Table 1).  There is overwhelming evidence to support the view

that targeting vectors target the paternal & maternal alleles without bias.  In an

experiment designed to disrupt b-catenin, 11 second round targeting events

occurred on the functional allele and 15 on the inactive allele (20).  Similarly, in

two independent studies involving Ki-ras, 4 from 7 (21) and 9 from 15 (22)

targeting events occurred on the functional allele.   Moreover, in rAAV-mediated

targeting studies, 10 from 19 targeting events for COL1A1 occurred on the wild-

type allele and 9 of 19 on the mutant allele (11).  Because of this lack of bias in

the targeting methodology, the striking disequilibrium of 27 out of 27 retargeting

events is strong evidence for the essential nature of Ku70 in HCT116 cells.  A

direct demonstration of the essential nature of Ku70 awaits the construction of a

cell line expressing a conditionally-null Ku70 allele.
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Reduced Ku70 Expression Augments the Frequency of Correct Gene
Targeting in Human Somatic Cells.

Attempts to target the second allele of the Ku70 locus demonstrated that the

gene targeting frequency was higher in Ku70+/- cells compared to the parental

cell line.  The interpretation of this result — that a reduction in Ku protein levels

increases the frequency of gene targeting — was confirmed by two independent

methodologies: that of transient RNA interference and the stable use of short-

hairpinned RNAs (Table 1) and was confirmed at additional loci (Tables 2 and 3).

It should be noted, however, that there wasn’t always a linear relationship

between the levels of Ku70 protein in a cell line and the frequency of gene

targeting.  Thus, the Ku70shRNA cells expressed less Ku70 protein than the

Ku70+/- cells, but had a lower — and not the predicted higher — frequency of

gene targeting (Tables 1 and 2).  This was probably due to the much slower

growth of the Ku70shRNA cells (our unpublished observations), which may have a

deleterious effect on gene targeting since rAAV preferentially transduces actively

dividing cells (23).  Similarly, the Ku70siRNA cells expressed less Ku70 protein

than the Ku70+/- cells, but the two cell lines often had about the same frequency

of gene targeting (Tables 1 and 2).  This was likely due to the fact that the

Ku70siRNA cells represented a heterogeneous population of cells with some cells

being effectively transfected and other cells not, which presumably translated

itself into heterogeneous targeting frequencies.  These technical qualifiers

notwithstanding, a reduction in Ku70 protein expression was without exception

always associated with an increase in the frequency of correct gene targeting.

The demonstration that Ku can regulate gene targeting is very well

documented in fungal systems.  Thus, deletion of Neurospora crassa Ku70 and

Ku86 genes resulted in higher gene targeting frequencies (100% in the mutants

as compared to 20% in wild type cells) (24).  This observation was then utilized in

a robotics-driven, whole genome approach to expedite the functional inactivation
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of 103 transcription factor genes (25) demonstrating the potent utility of Ku-

reduced strains.  Moreover, there has been a spate of reports of highly efficient

correct gene targeting in Ku–deletion strains of 5 different species of Aspergillus

(e.g., Aspergillus niger (26)), as well as Sordaria macrospora (27), and

Cryptococcus neoformans (28), demonstrating that Ku-deficient strains are useful

for gene targeting in filamentous fungi.  Furthermore, the disruption of yKu70 (29)

or KlKU80 (30) also increased the frequency of gene targeting in the budding

yeasts Saccharomyces cerevisiae and Kluyveromyces lactis, respectively.  Thus,

in fungi, where Ku is not essential, there is an exceptionally good correlation

between reduced Ku expression and increased gene targeting.

An extrapolation of these observations to higher eukaryotes, however, has

been lacking.  Thus, deletion of Ku70 in chicken DT40 cells (31) and Ku70 (32)

or Ku86 (33) in mouse cells did not result in an increase in gene-targeting

frequencies.  The discrepancy between human and chicken somatic cells can be

reconciled given that DT40 cells are known to employ HR at high frequency (34).

An explanation for the difference between human and mouse cells, however, is

less obvious, albeit consistent with the more stringent requirement for Ku/NHEJ

in human cells (this work; (14)).  One possibility may be that mouse embryonic

stem or fibroblast cells — the cells in which the mouse targeting experiments

were carried out — may, like DT40 cells, carry out HR at a higher frequency than

human somatic cells.  Another possibility is that there are locus specific effects

as, to date, only a single X-linked locus (the hypoxanthine phosphoribosyl

transferase) locus has been examined in the mouse (32, 33).  In summary,

additional experiments are needed before it can be determined whether or not

the observations reported here for human somatic cells are evolutionarily

conserved.

There are multiple indirect mechanisms whereby Ku could regulate gene

targeting such as by modulating the conversion of single-stranded viral DNA into

double-stranded DNA.  This process would be required if the gene replacement
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aspect of rAAV gene targeting requires two independent crossover events (and

thus two independent 3’-ends on the donor DNA).  Hendrie and Russell,

however, have argued (albeit circumstantially) that rAAV-mediated gene

targeting is more likely mediated by viral single-stranded, rather than double-

stranded, DNA (35).  If this hypothesis is true, then we would instead favor a

direct “competition” model that has been suggested by many laboratories (e.g.,

(36)) whereby Ku and Rad52 compete for the viral DNA ends and shunt the virus

into either NHEJ or HR pathways, respectively.  This model is consistent with the

demonstration that both Ku and Rad52 physically bind to rAAV ITRs during a

viral infection (37).  In this model, a reduction in Ku posits that Rad52 will

statistically stand a better chance of binding the hairpin-shaped viral inverted

terminal repeats (ITRs) and funnel the DNA into the HR pathway.  In a wild-type

cell, however, where Ku is more abundant than Rad52, the presence of normal

amounts of Ku would favor random integration mediated by NHEJ.

Mechanistically, the most likely role for Ku in rAAV random integration is to

recruit DNA-PKcs to the viral ITRs.  DNA-PKcs, would, in turn, recruit and activate

the nuclease Artemis, which nicks open the viral ITR hairpins (38) facilitating

integration of the virus.  The observation that the vast majority of random rAAV

integration events that have been sequenced have a viral endpoint that maps to

the viral ITRs supports this interpretation (39).  The competition model is not

consistent with the conclusion that DNA-PK actually inhibits rAAV integration in

mouse muscle (40) nor with a report that shRNA-mediated silencing of DNA-PKcs

gene expression in human MO59K somatic cells had no effect on rAAV-mediated

gene targeting (41).  However, in preliminary studies with HCT116 cell lines

containing functional inactivation of either one or both DNA-PKcs alleles we have

repeatedly seen large increases in the correct gene targeting frequency that are

comparable to those reported here for Ku-reduced cell lines (our unpublished

data) supporting both a role for DNA-PKcs in viral ITR nicking (38) and the

competition model.
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Other investigators have suggested that in addition to Ku and Rad52

competing for DNA ends that Ku may also actively suppress HR (42).  We favor

this hypothesis because it provides at least a partial explanation for the finding

that the frequency of random integrations was not lower in a Ku-reduced

background (Supplemental Fig. 1).  Thus, if HR not only has less competition for

the viral ends in the absence of Ku, but is also more active, it may facilitate viral

integrations at chromosomal sites that are quasi homologous to the viral ITRs.

Another potential explanation for the lack of an effect of a Ku deficiency on

overall integrations is the recent description of an alternative (Ku-independent)

NHEJ pathway (A-NHEJ; reviewed in (43)).  In contrast to the classical, Ku-

dependent NHEJ, which works on virtually all DNA DSBs, A-NHEJ seems to only

work on a subset of these and/or in specialized pathways since it can participate

in the repair of switch recombination-induced DSBs, but not ionizing radiation-

induced DSBs (43).  If A-NHEJ can also work in the pathway of gene targeting to

facilitate random integrations, this might explain why the frequency of correct

gene targeting goes up (Tables 1, 2 and 3) even when the frequency of random

targeting does not change (Supplemental Fig. 1).  In any case, it is important to

emphasize that it has long been known that additional pathways for

chromosomal DNA integration are quite active in DNA-PK defective cells (44) .

Regardless of the precise mechanism by which Ku regulates rAAV

integration, we have demonstrated that a reduction in the levels of Ku70 in

HCT116 human somatic cells greatly elevates the frequency of correct gene

targeting.  These observations have significant practical implications for basic

researchers interested in gene disruption strategies and for clinical researchers

interested in gene therapy.
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Methods
Cell Culture.  The human colon cancer cell line HCT116 was obtained from

ATCC and maintained in McCoy’s 5A media containing 10% FBS, 2 mM L-

glutamine, 100 U/ml penicillin and 100 U/ml streptomycin.  The cells were grown

at 37°C in a humidified incubator with 5% CO2.  Cell lines harboring the targeting

vector were grown in 1 mg/ml G418.

Silencing of Ku70.  The pLKO.1-puromycin-based lentiviral vectors containing

sequence-verified shRNA targeting Ku70 (XRCC6; GenBank accession number

NM_001469) were obtained from the MISSION™ TRC-Hs 1.0 (Human) shRNA

library through Sigma-Aldrich {TRCN0000039608, (#608); TRCN0000039609,

(#609); TRCN0000039610, (#610); TRCN0000039611, (#611);

TRCN0000039612, (#612)}.  For the RNAi experiments, pre-designed, double-

stranded siRNAs (SMARTPool) targeting human Ku70 were purchased from

Dharmacon.

Targeting Vector Construction, Packaging and Infection.  The targeting

vectors, Ku70-Neo and LIGIV-Neo, were constructed utilizing the rAAV system

as described elsewhere ((15); Oh, S. et al., unpublished data).  The CCR5-Neo

targeting vector has been described (19). All virus packaging and infections were

performed as described (19).

Isolation of Genomic DNA and Genomic PCR.  Genomic DNA for PCR

screening was isolated using phenol extraction followed by ethanol precipitation.

Ku70 and LIGIV targeting events were identified by PCR using the conditions

described elsewhere (19).  After Cre-treatment, the loss of Neo sequences was

c o n f i r m e d  u s i n g  7 0  C r e  F ,  5 ’ -

CTGAGCACTTATGGAGCTTCCATTTAGTGGTAAG-3’ and 70 Cre R, 5’-

GAAGGCGGAGGTTGCAGTGAGCCAAGATTGTGCCAC-3’ (Fig. 1C).  For the
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second round o f  Ku70 ta rget ing ,  the  Neo F2 (5 ’ -

GTGGCCGAGGAGCAGGACTGAATAAC-3’) forward primer was used instead of

the RarmF primer (Fig. 1D).  Lastly, confirmation of the retention of exon 4 in

retargeted clones was confirmed by PCR using Ku70 Ex4 F1, 5’-

CAAGACATGATGGGCCACGGATC-3’ and Ku70 3,4 R1 primers (Fig 1A).

CCR5 targeting events were identified by PCR using the primers and conditions

described elsewhere (19).

Cre-mediated Excision of the Neo Marker.  Correctly targeted clones were

transiently transfected by electroporation with pML-Cre to remove the Neo

cassette.  Cells were then grown in complete medium and plated 48 hr later at

limiting dilution in 96-well plates.  Single clones were picked 2 to 3 weeks later

and transferred to 24-well plates.  Each expanded clone from the 24-well plate

was then duplicated into two 24-well plates: either without or with G418 (1

mg/ml).  After a week, G418-sensitive clones were screened by PCR to confirm

the loss of the Neo sequence (Fig. 1C).

Antibodies and Immunoblotting.  Ku70 and Ku86 (Santa Cruz) and α-tubulin

(Covance) antibodies were used for detection.  Proteins were subjected to

electrophoresis on a 4-20% gradient gel (Bio-Rad), electroblotted and detected

as described (15).
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Fig 1. Experimental strategy and screening protocols for disruption of the Ku70

locus in human somatic cells.  (A) A cartoons of the relevant portion (large

rectangles = exons 3 and 4) of the human Ku70 genomic locus (horizontal line =

genomic DNA) in the parental wild-type cells.  The black arrows demarcate the

indicated PCR primers.  (B) The Ku70 locus in Ku70+/- (clone #53) cells.  One of

the endogenous alleles has been replaced by homologous genomic sequence

(horizontal gray bars), LoxP sites (filled triangles) and the neomycin (Neo)

resistance gene (rectangle).  Additional PCR primers (black arrows) are

indicated.  (C) The Ku70 locus in Ku70+/- (clone #53-39) cells following Cre

treatment.  All symbols are as in (B).  Additional PCR primers (black arrows) are

also indicated.  (D) The Ku70 locus in Ku70+/- (clone #53-39) cells following

retargeting to the already inactive allele.  All symbols are as in (B).  Additional

PCR primers (black arrows) are also indicated.  (E) The Ku70 locus in Ku70+/-

(clone #53-39) cells following correct second round targeting to the functional

allele to generate the null cell line.  All symbols are as in (B).
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Fig 2. Disruption of the Ku70 locus in HCT116 cells by gene targeting.  (A) PCR

characterization of the Ku70+/- clones #53 and #53-39.  Ethidium bromide (EtBr)-

stained agarose gels are shown.  Left panel — from left to right the lanes are:

molecular weight (MW) markers, genomic DNA isolated from wild-type cells and

genomic DNA derived from clone #53 cells.  The PCR reaction utilized the

primers RArmF and Ku70 3,4 R1 (Fig. 1) and the diagnostic ~1.6 kb band was

observed only in clone #53.  Right panel — from left to right the lanes are: MW

markers, genomic DNA isolated from clone #53 cells and genomic DNA derived

from clone #53-39 cells.  The PCR reaction utilized the primer set 70 Cre F and

70 Cre R and the diagnostic ~350 bp PCR product was observed only in clone

#53-39.  (B) Identification of correctly targeted clones following the second round

of gene targeting.  EtBr-stained agarose gels are shown.  Top and Bottom panels

— from left to right the lanes are: MW markers, and then genomic DNA isolated

from the indicated cell lines.  The PCR reaction for the top panel utilized the

primer set Neo F2 and Ku70 3,4 R1 (Fig. 1) and the diagnostic ~1.6 kb band was

observed only in those clones that were correctly targeted and contained the Neo

gene.  The PCR reaction for the bottom panel utilized the primer set Ku70 Ex4

F1 and Ku70 3,4 R1 (Fig. 1) and the diagnostic ~1.6 kb band, which indicated the

retention of at least one copy of exon 4 was observed in all the clones.  (C) All

correctly targeted clones still express Ku70 protein, albeit at reduced levels.

Whole cell extract of the indicated cell lines was subjected to immunoblot

analyses to detect Ku70 (Top), and tubulin (Bottom) protein levels.
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Fig 3.  Disruption of Ku70 gene expression by RNA interference technologies.

(A) Stable cells lines generated using shRNA expression show reduced

expression of Ku.  Wild-type HCT116 cells were infected with lentiviruses

carrying short-hairpin sequences (#609, # 610 or both #609 and #610).  Whole

cell extracts from stable puromycin resistant clones were subjected to

immunoblot analyses using extracts from wild-type (WT) and clone #53-39 as

controls.  The extracts were probed sequentially for Ku70 expression and then

Ku86 and tubulin.  For the gene targeting experiments described in the

manuscript, the #610 shRNA-treated stable line was used.  A phosphoimager

quantitation of this blot is shown below the figure.  (B) Transient depletion of

Ku70 protein expression.  Wild-type (WT) and Ku70+/- 53-39 cells were

transfected with a Ku70 siGENOME SMARTpool.  All cells were transfected two

times at 24 hr intervals and then harvested 72 hr after the first siRNA treatment.

A knockdown of gene expression was measured by immunoblotting with the

indicated antibodies.  A phosphoimager quantitation of this blot is shown below

the figure.
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Supplemental Fig. 1. A reduction in Ku70 protein levels does not affect random integration.  WT 

HCT116, WT HCT116 treated with shRNA, Ku70+/- (53-39), and Ku70+/- (53-39) cells treated with 

shRNA were tested for their ability to be infected by either Ku70 rAAV (A) or CCR5 rAAV (B) 

viruses at different multiplicity of infections (shaded bars).  Each experiment was performed twice 

and the average +/- the standard deviation is shown. 
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Table 1.  Summary of gene targeting frequencies at the Ku70 locus

Cell line # of colonies # of correctly Targeting Fold
screeneda targeted clonesb frequencyc increaseb

WT HCT116     437          3     0.69    1.0

WT HCT116    173        10     5.78    8.4
+ Ku70 siRNA

WT HCT116      65          2     3.08    4.4
+ Ku70 shRNA

53-39 (Ku70+/-)      97          4     4.12    6.0

53-39 (Ku70+/-)    111        23   20.72  30.0
+ Ku70 siRNA

aDrug resistant clones that were also positive for the internal control PCR.

bDrug resistant clones that showed correct targeting by PCR.

cTargeting frequency is the number of correctly targeted colonies per 100 drug-resistant colonies screened.

dThe WT targeting frequency is set at 1.  The fold increase = the targeting frequency in a specific cell line /
targeting frequency in the WT background (0.69).

60



Table 2.  Summary of gene targeting frequencies at the CCR5 locus

Cell line # of colonies # of correctly Targeting Fold
screeneda targeted clonesb frequencyc increaseb

WT HCT116    262          3     1.15    1.0

WT HCT116    150          8     5.33    4.6
+ Ku70 siRNA

WT HCT116      96          5     5.20    4.5
+ Ku70 shRNA

53-39 (Ku70+/-)    105          7     6.66    5.8

53-39 (Ku70+/-)    152        15     9.86    8.6
+ Ku70 siRNA

aDrug resistant clones that were also positive for the internal control PCR.

bDrug resistant clones that showed correct targeting by PCR.

cTargeting frequency is the number of correctly targeted colonies per 100 drug-resistant colonies screened.

dThe WT targeting frequency is set at 1.  The fold increase = the targeting frequency in a specific cell line /
targeting frequency in the WT background (1.15).
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Table 3.  Summary of gene targeting frequencies at the LIGIV locus

Cell line # of colonies # of correctly Targeting Fold
screeneda targeted clonesb frequencyc increaseb

WT HCT116    176          2     1.13    1.0

53-39 (Ku70+/-)    148          6     4.05    3.5

aDrug resistant clones that were also positive for the internal control PCR.

bDrug resistant clones that showed correct targeting by PCR.

cTargeting frequency is the number of correctly targeted colonies per 100 drug-resistant colonies screened.

dThe WT targeting frequency is set at 1.  The fold increase = the targeting frequency in a specific cell line /
targeting frequency in the WT background (1.13).
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CHAPTER III

XLF is Necessary for Cell Proliferation, Non-

homologous End Joining and V(D)J Recombination in

Human Somatic Cells
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Introduction
DNA DSBs (double-strand-breaks) are the most cytotoxic form of DNA

damage. They can occur by exogenous agents such as IR (ionizing radiation),

topoisomerase inhibitors, radiomimetic drugs (e.g. bleomycin), and by cellular

processes such as V(D)J recombination, class switch recombination, stalled

replication forks and reactions that generate reactive oxygen species (30).

In mammalian cells there are two major pathways for the repair of IR-

induced DSBs, namely non-homologous end joining (NHEJ) and homologous

recombination (HR) (118); (176). HR is an accurate form of repair, which requires

an undamaged sister chromatid to act as a DNA template and functions only

after DNA replication (118); (25). In contrast, NHEJ is active throughout the cell

cycle (244) and is considered the major pathway for the repair of IR-induced

DSBs in human cells (25). In its simplest sense, NHEJ entails straightforward

ligation of DNA ends. However, since the DNA ends formed by IR are complex

and frequently contain non-ligatable end groups and other types of DNA damage,

successful repair of DNA lesions by NHEJ must require processing of the ends

prior to ligation. This can lead to loss of nucleotides from either side of the

breaks, making NHEJ essentially error prone. In addition to HR and NHEJ, there

is also increasing evidence for the existence of alternative end-joining pathway

that directly ligate DNA ends in the absence of NHEJ (310), (309); (302), (11),

(321). However, whether these pathways functions in normal cells or only when

NHEJ is deficient is not clear.

There are seven well-characterized C-NHEJ factors (Ku70/Ku86

heterodimer, DNA-PKcs
 (DNA-dependent protein kinase catalytic subunit),

Artemis, XRCC4 (X-ray-complementation Chinese hamster gene 4), DNA ligase

IV (LIGIV) (71), and another XLF/Cernunnos (thereafter XLF), that was

discovered more recently (26), (4). Processing enzymes, such as DNA

polymerase µ and λ, PNK (polynucleotide kinase) and WRN (Werner’s syndrome

helicase) also play a role in NHEJ, at least at a subset of DNA ends (166), (167).
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The heterodimeric Ku protein (Ku86 and Ku70), binds DSBs, where among other

functions, it recruits downstream C-NHEJ factors. DNA bound Ku forms a

complex with and activates the DNA-dependent catalytic subunit, DNA-PKcs,

which subsequently activates the endonuclease activity of Artemis (95), (185),

(201).  The Artemis endonuclease processes a subset of DNA ends to prepare

them for end joining (240). Finally Ligase IV (LIGIV), in association with XRCC4,

performs the end ligation reaction. Ligase IV alone is capable of joining DNA as a

purified protein (238)) so the role of XRCC4 appears to be regulatory, perhaps

through a structural contribution to the repair complex.

In mammals, the generation of the immune system requires a somatic

site-specific rearrangement process termed V(D)J recombination (223), (268). In

progenitor cells, large clusters of isolated V (variable), D (diversity) and J (joining)

elements reside along the chromosome. During B- and T-cell development,

individual V, D, and J elements are extracted from these clusters and are

enzymetically assembled to generate a functional V(D)J element that will

ultimately partially encode an Ig or TcR receptor protein, respectively. V(D)J

recombination is initiated by the recombination activating genes 1 and 2 (RAG1

and RAG2 endonucleases), which introduces DSBs between participating V, D or

J coding sequences and flanking recombination signal (RS) sequences. RAG-

mediated cleavage produces two blunt 5’-phosphorylated RS ends and two

covalently sealed (hairpin) coding ends. Subsequently, C-NHEJ repairs the RS

ends and coding ends to form RS and coding joint, respectively (71). Core C-

NHEJ factors are required for both coding and RS joins, while DNA-PKcs and

Artemis are usually not required for blunt ligation of RS ends, but are instead

required for coding joint formation due to their role in opening and processing

hairpin intermediates (71)

XLF is the most recent member of the NHEJ core factor. The human XLF

gene is located on chromosome 2q35 (4). Human XLF mRNA is ubiquitously

expressed and encodes a nuclear protein of 299 amino acids with a theoretical
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molecular weight of 33 kD (4), (26), (33). The amino acid sequence of XLF is

conserved to a low degree from yeast to human (121), (7), (160), NEJ1, being

the yeast homolog of XLF (121). Several inherited mutations of XLF have been

identified in human patients (4), (26). Most recently, a balanced translocation that

interrupts the XLF gene, has been identified in a fetal autopsy samples and

suggested to be associated with polymicrogyria (PMG) (35).

XLF is similar in structure to XRCC4 (4), (162), (7), interacts with XRCC4

and is required for NHEJ and V(D)J recombination (4), (26), (258). In vitro, XLF

stimulates the activity of DNA ligase IV towards non-compatible DNA ends,

suggesting that XLF may only regulate the activity of XRCC4-Ligase IV under a

subset of conditions (104), (162), (179), (282), (121). Like XRCC4, XLF also

interacts with DNA. This interaction is highly dependent on the length of the DNA

molecule and is enhanced by Ku (324), (179). Surprisingly, given the ability of

XLF to interact with XRCC4, XRCC4 was not required for the recruitment of XLF

to sites of DNA damage in vivo ((Yano, 2008 #851). However, the presence of

XRCC4 did result in XLF being retained to the DSB through interaction with DNA-

bound Ku. Like XRCC4, XLF is phosphorylated in vitro at c-terminal sites by

DNA-PK and is phosphorylated by both ATM and DNA-PK in vivo; though

phosphorylation is not required for NHEJ and its function remains unclear (328).

In mice, deficiency of any of the six well-characterized C-NHEJ factors

results in increased cellular ionizing radiation (IR) sensitivity, genomic instability

and severe combined immunodeficiency (SCID) due to the inability to complete

V(D)J recombination (71). Moreover, targeted disruption of XRCC4 (88) and

LIGIV (13), (84) in mice also results in embryonic lethality because of neuronal

degeneration caused by p53-induced apoptosis (84), (88). Human somatic cells

deficient for LIGIV show IR sensitivity and V(D)J recombination defect (100),

(261). Moreover, mutations in LIGIV in human patients result in cancer

predisposition and immuno-deficiencies (112). Most recently the van Gent

laboratory in Amsterdam has described a patient with a misssense mutation in
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DNA-PKcs that results in radiosensitivity and inhibits Artemis activation (293).

Artemis mutations in humans lead to SCID (201). In contrast, XLF mutations in

humans lead to microcephaly and a combined immunodeficiency that is less

severe than that associated with Artemis mutation (26), (4).  XLF deficient human

fibroblasts (26), (4) and mouse ES cells (331) are IR sensitive and have severe

DSB repair defects, including severely impaired V(D)J recombination defect.

However, surprisingly the mouse generated from XLFΔ/Δ ES cells are alive unlike

other member of ligase IV complex, i.e. XRCC4 or LIGIV (160).  This data

suggests that, during embryonic development, XLF can be compensated by

other factor/s. Detailed analyses demonstrated that the V(D)J recombination

activities in the lymphocytes of the XLF knockout mouse are very similar to those

of the wild type cells, although the ES cells exhibit impaired V(D)J recombination.

These observations suggest the presence of a lymphocyte-specific

compensation mechanism for XLF function. It is likely that similar compensation

exists in human lymphocytes, because the XLF defective patients showed less

severe immunodeficiency compared to the other NHEJ-deficient disorders. The

precise mechanism of the lymphocyte-specific compensation of XLF is an

important question that needs to be elucidated.

To explore the requirement for XLF expression in human somatic cells in

more detail, we attempted to disrupt, via gene targeting, the XLF gene in the

human adenocarcinoma somatic tissue culture cell line HCT116. While HCT116

is an immortalized and transformed cell line, it is diploid, has a stable karyotype,

and is wild type for most DNA repair, DNA checkpoint, and chromosome stability

genes (119).  We describe here the isolation and characterization of HCT116 cell

lines that are heterozygous and null for XLF expression. Our data demonstrate

that XLF is not an essential gene in human somatic cells. We have used

biochemical and cellular approaches to dissect the role of XLF in NHEJ in human

cell. Our findings provide evidence that XLF is an essential core NHEJ factor in
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human cell. In the absence of XLF cells showed pronounced growth defects and

were severely defective for DSB repair as well as V(D)J recombination.
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Materials and Methods
Cell culture:
Human wild type HCT116 cells were cultured in McCoy’s 5A media containing

10% fetal calf serum, 100 U/ml penicillin and 50 U/ml streptomycin.  The media

was also supplemented with L-glutamine. The cells were incubated at 37°C in a

humidified incubator with 5% CO2.  All cell lines derived from correct targeting

were grown in the presence of 1 mg/ml G418. Cells stably infected with pBABE-

Puro constructs are selected with 200 µg/ml of Puromycin.

Targeting vector construction
The targeting vectors were constructed utilizing the system described elsewhere

(141).  Briefly, the right and left homology arms of the XLF targeting were

constructed by PCR from HCT116 genomic DNA.  The primers used to construct

the  le f t  homology  arm fo r  XLF were  XLF4F1,  5 ’ -

ATACATACGCGGCCGCTGATCTTCAAGGGTCTTTACCTTCTGTTG-3’ and

X L F 4 R 1 ,  5 ’ -

AAGTTATCCGCGGTGGAGCTCCAGCTTTTGTTCCCTTTAGAGATATCAATTA

GCCAAAAGACT-3’.  The right homology arm was constructed using the primers

X L F 4 F 2 ,  5 ’ -

TATGGTACCCAATTCGCCCTATAGTGAGTCGTATTACTTCGAGGTAAGAGGA

C A T T C T T G G A G  - 3 ’  a n d  X L F 4 R 2 ,  5 ’ -

ATACATACGCGGCCGCAACAGAACAGGGCTACTTAGGAAAGAGGA-3’.  The

arms were used in a fusion PCR reaction, together with a 4-kb PvuI restriction

enzyme fragment containing the drug selection marker. The fusion PCR product

was gel purified and ligated to the pAAV backbone using NotI restriction enzyme

sites to construct the final targeting vector

Packaging and isolating virus
The targeting vector (8.0 µg) was mixed with pAAV-RC and pHelper plasmids

(8.0 µg of each) from the AAV Helper-Free System (Stratagene) and was

transfected into AAV 293 cells (Invitrogen) using Lipofectamine 2000 (Invitrogen).
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Virus was isolated from the AAV 293 cells 48 hr after transfection using a freeze-

thaw method (141)

Infections

HCT116 was grown to ~70-80% confluence in 6-well tissue culture plates.  Fresh

media (1.5 ml) was added to the cells 3 hr prior to addition of the virus.  The

required volume of the virus was added drop-wise to the plates.  After a 2 hr

incubation at 37°C, another 1.5 ml of media was added to the plates.  After a

further 48 hr incubation, the cells were transferred to 96-well plates and placed

under selection (1 mg/ml G418) to obtain single colonies.

Isolation of genomic DNA and Southern hybridizations
Chromosomal DNA was prepared, digested, subjected to electrophoresis and

then transferred to a nitrocellulose membrane as described (154). The

membrane was hybridized with probe ‘a’ to detect correct targeting of the XLF

targeting vector.  The probe corresponds to ~550 bp and was made by PCR with

the primers XLF5’ProbeF1, 5’-ATGAGTCTGGCTTGCACATGTTATG-3’ and

XLF5’ProbeR1, 5’-CATTCTGTGACTAAGGGAAGTTATCAGAC-3’.  The PCR

product was electrophoresed on a 1% agarose gel and gel purified prior to use.

Probe ‘zeo’ is an internal probe, 416bp in length, and was obtained by digesting

the selection cassette with the restriction enzymes AflIII and ApaLI. The Prime-It
®II kit (Stratagene) was used to radiolabel the Southern probe with (32P)-α-dATP.

Isolation of genomic DNA and genomic PCR
Genomic DNA for PCR screening was isolated using the PUREGENE® DNA

Purification Kit (Qiagen). Cells were harvested from confluent wells from a 24-

well culture dish. DNA was dissolved in a final volume of 50 µl, 1 µl of which was

used in each PCR reaction.  For XLF targeting events, PCR was carried out at

both the 5’ and 3’ sides of the targeted locus. For the 5’-end Correct targeting

was determined using LarmR, 5’- GCTCCAGCTTTTGTTCCCTTTAG and XLF-

F1, 5’-GTTGTGTGTAGAGTGCGTTGGCTTATA-3’.  For the 3’-end, the control

PCR was carr ied out using the primer set RArmF, 5’-
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CGCCCTATAGTGAGTCGTATTAC-3’ and XLF4R2. For the 3’-end, PCR to

screen for correctly targeted clones was performed using RArmF and XLF-R1, 5’-

CAACCACACACACAAGCCACCTAACAC-3’.

RT-PCR analysis
Total RNA was isolated from cells using an RNeasy kit (Qiagen). Reverse

transcription PCRs (RT-PCrs) were performed using Qiagen LongRange two-

step RT-PCR kit. Briefly, 2µg of total RNA was used as a template for the first-

strand cDNA synthesis primed by an XLF-specific reverse primer (Cer 7/8 R).

The resulting cDNA were than used in a PCR with three different sets of primers:

(i) Cer F1 (5'- TTT CGG TTC GCG CGA GCG GG -3') and Cer7R (5'-

AGA CCA GTT GTT CTG GCT GG -3')

(ii) Cer F1 and CerR2 (5'- GGG AAG GAC TAG CTA GCA TGC AGT -3')

(iii) Cer F2 (5'- TTG ATT CGT CCT CTG ATG GG -3') and Cer7R

Expression Constructs
For creation of stable XLF complemented cell line, full-length XLF cDNA was

cloned in pBABE-Puro (4). For pCherry expression constructs WT XLF full-length

cDNA was cloned into pCherry (Clonetech) expression vector. The point

mutations in XLF CDNA were introduced by site-directed mutagenesis. Primers

sequences are available upon request.

Whole cell extract preparation
Cells were trypsinized and washed twice with PBS.  For whole cell extraction,

cells were boiled in lysis buffer (10 mM HEPES pH 7.5, 5 mM MgCl2, 1mM PMSF,

1X protease inhibitor cocktail (Roche) for 5 min.  The samples were then

digested with DNaseI (0.1 U/µl; Gibco) for 10 min at 37°C.  The samples were

finally boiled in 5X SDS buffer (0.225 M Tris-HCl, pH 6.8, 50% (v/v) glycerol, 5%

SDS, 0.05% bromophenol blue, 0.14 M β-mercaptoethanol).

Immunoblotting
For immunoblot detection, proteins were subjected to electrophoresis on a 4-20%

gradient gel (Bio-Rad), electroblotted onto a nitrocellulose membrane and
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detected as described (114). Polyclonal rabbit antibody anti-XLF raised against

the region between amino acids 250 and 299 was from Bethyl Laboratories. Anti

XRCC4 (AHP 387) and Anti DNA Ligase IV (AHP 554) were purchased from

Serotec. Anti-α-tubulin antibody was obtained from Covance. Anti-GFP antibody

(JL-8) was from Clonetech.

Cell proliferation assay
To obtain a growth curve, 3 x 104 HCT116 cells, respectively, were plated out in

each well of a 6-well plate in duplicate.  Cell numbers were determined using a

hemacytometer everyday thereafter starting at day 4 utilizing growth media

without selection.

X-ray survival assay
For HCT116 cell lines, 300 cells were seeded into each well of a 6-well tissue

culture plate about 10-12 hr before irradiation. Cells were then X irradiated using
137Cs source at different doses. After irradiation, HCT116 cells were allowed to

grow for 10-14 days before the colonies were fixed, stained, counted and cell

survival percentage was calculated.

Etoposide sensitivity assay
300 cells were seeded into each well of a 6-well tissue culture dish in duplicate

16 h prior to drug treatment. Etoposide (Sigma) was dissolved in dimethyl

sulfoxide (DMSO) to give a 10 mM stock solution and subsequently diluted in

medium. Cells were incubated in etoposide containing medium for 12 days at

37°C, and then fixed and stained with crystal violet.

End-joining assay, transfection and FACS analysis
The in vivo end-joining reporter plasmid pEGFP-Pem1-Ad2 has been described

previously (259). The plasmid was digested with HindIII or I-SceI (NEB) for 8 to

12h to generate different types of DNA ends. Supercoiled pEGFP-Pem1 plasmid

was used to optimize the transfection and analysis conditions. The pCherry

plasmid (Clontech) was co-transfected with either linearized pEGFP-Pem1-Ad2

or with supercoiled pEGFP-Pem1 as a control of transfection efficiency. Cells
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were split a day before transfection and were 60 to 70% confluent during

transfection. All the plasmids were transfected using Lipofectamine 2000

(Invitrogen) according to manufacture’s instructions. Green (EGFP) and red

(Cherry) fluorescence were measured by flow cytometry 24h later (Wang M,

NAR, 2006). For FACS analysis cells were harvested, washed in 1X PBS and

fixed using 2% paraformaldehyde. FACS analysis was done on FACSCalibur

instrument (BD Biosciences). For HCT116 cell line a red-versus-green standard

curve was derived with varying amount of cherry and green (pEGFP-Pem1)

plasmid to avoid measurements near the plateau region. The values of repaired

events is a ratio of cells that are double positive for red and green fluorescence

over total cells that are only positive for red fluorescence. This ratio normalizes

the repair events to the transfection controls. In the summary chart, the value

from the mutants is a percent repair of wild type cells. . Data was plotted using

FLowJo 8.5.2 software.

Dik van Gent assay

The Dik van Gent assay was performed as described previously (299). In brief,

2.5 ug of EcoRV (NEB) and AfeI (NEB) digested plasmid pDVG94 were

transfected into cells of 60% confluency, in 6 well plates, using lipofectamine

2000 (Invitrogen) according to manufacture’s instruction. The transfection

efficiency of wild type HCT116 and other mutant lines were determined using the

plasmid pEGFP-Pem1 described above. 48h after transfection, plasmid DNA was

recovered using modified Qiagen miniprep protocol. Repaired pDVG94 plasmid

was PCR amplified using the primer DAR5 (γ-32P)-ATP labeled) and FM30

(299). The PCR product was digested with BstXI (NEB). Restriction fragments

were separated along with undigested PCR product in a 6% polyacrylamide gel

in TBE buffer. The gel was dried and exposed to film. The bands representing

the undigested PCR product (180 bp) or cut (120 bp) and uncut (180 bp) PCR

product after BstXI digestion were quantified using ImageQuant software and

compared.
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V(D)J recombination assay
Extrachromosomal V(D)J recombination assays were carried out using pGG 49,

51(91), (90) as substrate plasmids to monitor signal joint (138) and coding joint

(CJ) formation, respectively. Briefly, 3 µg of pGG 49, 51, 52 plasmids were

transfected with 8 µg each of RAG-1 and RAG-2 (217) into 106 exponentially

growing cells using Lipofectamine 2000 (Invitrogen). Cells were then incubated

for 48 hr at 37°C prior to recovery of the plasmid by a modified QiagenR miniprep

protocol. Isolated plasmids were treated with the restriction enzyme DpnI (to

remove un-replicated plasmids), transfected into chemically competent Top10

cells (Invitrogen) and then plated on ampicillin (100 µg/ml) or ampicillin (100

µg/ml) and choloramphenical (22 µg/ml) plates. DAC colonies (DAC= DpnI-

treated-ampR-camR) represent V(D)J recombination events, whereas DA colonies

(DA= DpnI-treated-ampR ) are a measure of total plasmids recovered from each

transfection. The percentage of SJ or CJ formation is calculated by dividing DAC

by DA counts.

Telomere Fish
Cells were treated with colecemid at 100 µg/ml for 3 hr. The cells were

trypsinized and then harvested by centrifugation. Metaphase spreads

were prepared according to the manufacturer’s instruction (Dako, Inc.) A

Cy3-PNA probe was hybridized according to the protocol supplied by

Dako, Inc. except that the sample was denatured at 85 to 90°C for 8 min

and then incubated in humidified chamber overnight at 37°C. The images

were captured and processed with FluoView 1000 software using an

Olympus IX2 Inverted Confocal Microscope.

Immuno Staining:
The indicated cell lines were grown on 4-well chamber slide. Next day the

cells were transfected with 2 µg of pCherry plasmid carrying WT or mutant

XLF cDNA. 24 hr after transfection cells were harvested and fixed with 4%

paraformaldehyde for 30 min and permeabilized with 0.2% TritionX-100 in
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PBS for 5 min at room temperature. DAPI was used to stain the nucleus.

Images were captured with Zeiss Axiovert 2 Upright Microscope.

Cytogenetic analysis

G-banding cytogenetic analyses were performed in the Cytogenetics Core

Laboratory at the University of Minnesota as described previously (206)
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Results
Generation of heterozygous XLF +/- HCT116 cell lines:

To characterize the function of XLF in human cells, we utilized

recombinant AAV (rAAV) mediated gene targeting strategy (141), (245) to

replace exon 4 of the XLF locus in a well-characterized diploid human colon

carcinoma cell line, HCT116, with a LoxP-flanked copy of the NEO (neomycin

phosphotransferase) drug resistant marker (Fig. 1). XLF, also known as

Cernunnos, is a 37-kDa protein encoded by 8 exons on chromosome 2 (Fig 1A).

Exon 4 was chosen for two reasons. First, any expression of the first 3 exons

should yield a greatly truncated protein missing its XRCC4 and LIGIV interaction

domains (7), (162) and secondly, any splicing over the mutated sequence should

generate an out-of-frame protein. Five correctly targeted clones that were

identified using PCR strategies were obtained from screening 201 NEO-resistant

clones for a targeting frequency of 2.1%.

The targeting vector contained ~900bp long left and right homology arms

flanking a neomycin-resistant selection cassette (Fig 1B). The left homology arm

for the XLF targeting vector has sequences 5’ to exon 4 and the right homology

arm has sequences 3’ to exon 4 (Fig1B). The 2.8-kb selection cassette has PGK

promoter, the neomycin resistance gene (Neo), the FM promoter, and the zeocin

resistance gene (Zeo)(Fig 1B). Two LoxP sites flank the selection cassette.

Correct targeting of the endogenous genomic XLF locus deletes exon 4, resulting

in a G418 resistant cell line. The removal of exon 4 should functionally inactivate

XLF, since the hypothetical splicing from exon 3 to exon 5 results in an out-of-

frame mRNA. Genomic DNA was isolated form G418-resistant colonies and was

subjected to diagnostic PCR analysis to screen for correctly targeted clones. A

control PCR, carried out using the primers RArmF and XLF 4R2 (Fig. 2A), was

used to confirm the presence of the vector sequence in all G418-resistant clones

(Fig. 2B, Vector Control), while primers XLF 4F2 and XLF R1 (Fig. 2A) were used

to check the quality of isolated DNA and to confirm the presence of DNA in the
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parental cell line (Fig. 2B, DNA Quality Control). Experimental screening PCR

was also carried out, using the following two sets of PCR primers: XLF F1 and

LArmR for the 5’ PCR and RArmF and XLF R1 for the 3’ PCR (Fig. 2A). LArmR

and RArmF correspond to sequences unique to the targeting vector, while XLF

F1 and XLF R1 reside externally in the 5’ and 3’ flanking regions, respectively

(Fig 2B). The correct targeting events in 2 of the clones - XLF #27 and XLF #72 -

are shown in Fig. 2A. This is confirmed by the 5’ flanking PCR strategy, where all

the clones showed the expected ~1.5 kb PCR band (Fig. 2B, 5’ PCR), and by the

3’ flanking PCR strategy, where the correct targeting events resulted in the

production of ~1.45 kb bands (Fig. 2B, 3’ PCR). The PCR bands resulting from

correct targeting events were absent from two randomly targeted clones (XLF

#38 and XLF #47) as well as from the parental HCT116 cell line (Fig. 2B).

Generation of homozygous XLF -/- HCT116 cell lines:
In order to construct a XLF -/- HCT116 cell line, the XLF +/- cell line XLF

#27 were transiently exposed to Cre recombinase (pGKCre). Cre should excise

the internal Neo cassette, which is flanked by LoxP sites, within the integrated

targeting vector which leads to clones being rendered sensitive to G418 (Fig.1B).

48 single-cell cones were picked and duplicated into medium either containing or

lacking G418, and five G418-sensitive clones were identified. Correct excision of

the neomycin gene was confirmed by the generation of a diagnostic PCR product

(data not shown). One (242cre3) of several such clones obtained in this fashion

was used for a second round of gene targeting with the original targeting vector

containing the Neo cassette. Productive infection should produce one of the

three potential outcomes: (i) random targeting (the vast majority of the events),

(ii) correct targeting, but of the already inactivated allele from the first round of

targeting (i.e., “retargeting”); or (iii) correct targeting of the remaining allele to

generate the desired null clone. Initially, 6 correctly targeted clones from 290

G418 resistant, internal-control-PCR-positive clones (targeting frequency of
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2.1%) were identified using the primers NeoF2 and XLF R1 (Fig. 3A & B (primer

pair Neo F2 and XLF R1), and data not shown). A diagnostic PCR strategy was

then utilized to distinguish retargeting from null events (Fig. 3). 4 out of 6 clones

were retargeted. The conclusion was drawn by the fact that although 4 clones

were correctly targeted (data not shown), they still retained exon 4 whereas two

clones (61 and #320 (data not shown) lacked exon 4 (Fig. 3B). Two sets of

primers were used to confirm the absence of exon 4 in XLF null clones: (i)

primers set: Ex4F1 and XLF R2 which should produce a ~1300 bp PCR and if

exon 4 is present and (ii) Ex4 F2 and XLF R2 which should give a  ~1200 bp

band if exon 4 is not deleted.  These two sets of primers confirmed that clone

#101 did not have exon 4 sequences as the PCR product using genomic DNA

from #101 did not produce the expected bands.

Southern hybridization was used to confirm the targeting events. Genomic

DNA was isolated and digested with the restriction enzymes BamH1 and NheI for

5’ probe and BamHI only for ‘Zeo’ probe. Southern blot analysis was then

performed using 5’ probe (Sup Fig. 1B; 5’ probe) or a probe corresponding to the

vector sequence (Sup Fig. 1C; ‘Zeo’ probe). For the 5’ Southern analysis, the

appearance of a novel ~6-kb band caused by the presence of the targeting

vector, confirmed that a correct targeting event has occurred in clone #27 (XLF+/-)

and in #101 (XLF-/-) (Sup Fig. 1A & B). The ~6-kb band was absent, as expected,

form the parental HCT116 cell line (WT), where only the endogenous ~2.4-kb

band was observed (Sup Fig. 1A & B). In clone #27Cre3 the 6-kb band was

shifted due to the Cre-mediated excision of Neo cassette. In clone #101 the 6-kb

band reappeared due to the targeting of second allele with the targeting vector

carrying the Neo cassette. When the genomic DNA from the indicated lines were

digested with BamHI alone and probed with Zeo (Sup Fig. 1A & C) both clones

#27 (XLF+/-) and in #101 (XLF-/-) had the single 6-kb band corresponding to the

correct insertion of the targeting vector. The ~6-kb band was absent, as

expected, form the parental HCT116 cell line (WT).
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To confirm that no full length XLF mRNA was being produced in the XLF-

null cells, total mRNA was isolated and first strand cDNA was generated using a

primer (cer7/8R1) that spans exon 7 and 8 sequences, which ensures that only

mRNA, and not genomic DNA, is amplified (Supp. Fig.2A). The cDNA was then

subjected to PCR using primers (Cer F1 and Cer 7R) complementary to

sequences located in exon 1 and exon 7, respectively (Supp Fig.2A). A 855 bp

PCR product corresponding to the region encompassing exons 1 to 7 was

produced from mRNA isolated from the parental cell line (HCT116 WT), a

randomly targeted clone (201) and XLF +/- cell line (242) but was absent from the

XLF -/- (61) (Supp.Fig. 2B), demonstrating that XLF -/- did not produce detectable

full length XLF mRNA. A truncated 716-bp-band (Supp.Fig. 2B), that corresponds

to the loss of exon 4 from the XLF genomic locus was detected. Since skipping

exon 4 generates a frame-shift within the XLF open reading frame that quickly

results in a stop codon, which is then destabilized by non-sense mediated decay,

this analysis predicted that no functional full-length XLF protein would be

produced in

XLF-/- cells.  Primer pair Cer F1 and Cer R2 (residing in exon 3) was used to

detect the mRNA upstream of exon 4. A predicted 459-bp PCR band is present

in all the cell lines tested (WT, #27, #101, #38) demonstrating that deletion of

exon 4 did not abolish the production of mRNA upstream of exon 4 (Supp. Fig.

2B). On the other hand, primers Cer F2 (residing in exon 4) and Cer 7R resulted

a 382-bp PCR band in all the cells line tested except XLF-/- (61) (Supp.Fig. 2B),

demonstrating the successful homozygous deletion of exon 4 from the XLF

genomic locus.

Primary Characterization:
The removal of exon 4 (Fig. 1A) in the XLF locus should result in no XLF

protein production due to a frame-shift event within the XLF open reading frame.

The expression levels of the wild-type and the XLF +/- and XLF -/- cell lines were
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determined by immunoblot analysis using a rabbit polyclonal XLF antibody raised

against the C-terminus of XLF (Fig 4). The XLF +/- clones (242 and #72)

expressed XLF at a level of ~50% (with the α-tubulin as a loading control) of that

observed for the parental cells (Fig. 4), while the XLF -/- cells contained no

detectable wild-type or truncated protein (Fig. 4). The complete absence of XLF

protein in the XLF -/- cell line suggested that deletion of exon 4 from XLF genomic

locus resulted cell lines deficient for XLF expression. XLF forms a complex with

XRCC4 and DNA LIGIV. To check whether XLF deficiency had affected the

expression or stability of XRCC4 or DNA LIGIV, the same immunoblot was

stripped and blotted sequentially with antibodies against XRCC4 and LigIV.

Absence of XLF protein had no significant effect on XRCC4 or LIGIV protein

levels (Fig.4). So we concluded that, XLF is dispensable for the stability of both

XRCC4 and Ligase IV.

In summary, based upon the molecular characterizations (Fig. 2, 3 and Supp Fig.

1), the RT-PCR (Supp Fig. 2), and the immunoblot analysis (Fig. 4), we

concluded that the

XLF-/- cell lines are deficient for XLF protein expression.

Complementation of the NHEJ defects of XLF deficient HCT116 cells:
We next stably complemented one of the XLF-/- cell lines (61) with either a

wild type cDNA or cDNA containing L115A or L179A mutations. L115A and

L179A are not naturally occurring patient mutations (26), (4), but Andres et al.,

(Andres et al, 2006) using purified proteins and an in vitro DNA rejoining assay

claimed that they defined critical XLF residues needed for XRCC4 interaction and

LIGIV activity, respectively. The mutant proteins were expressed at a level

comparable to that in a wild-type cell line (Fig. 7).

XLF deficient cells are impaired for cell proliferation:
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Patients cell lines carrying muations in XLF open reading frame has

growth defects (26). So we hypothesized that deletion of XLF gene should results

in growth defects in cultured human somatic cells. To test our hypothesis, equal

numbers of cells from all the cell lines were plated out in duplicate on day 0 and

then the cell numbers were determined beginning 3 days thereafter for 7 days.

Both the XLF+/- clones (242 and #72) and both XLF-/- clones (61 and #320)

showed a significantly reduced rate of growth compared to that of the parental

HCT116 cells (Fig. 5). The doubling time of the XLF+/- clones (242 and #72) were

24.0 h, which was slightly longer than that of the parental line, at 22.8 h. The

XLF-/- clones (61 and #320), in contrast, showed much more severe growth

defects, with a doubling time of 18.0 h. Thus XLF+/- cells are haploinsufficient and

XLF-/- cells lines are severely defective for cell proliferation.

XLF deficient cells are impaired for repairing DSBs:
Patients cell lines harboring XLF mutations are sensitive to DNA

damaging agents (Buck et al., 2006). Mouse ES cells (331) and fibroblasts (160)

deficient for the WT XLF protein are sensitive to ionizing radiation. To determine

the effect of deletion of XLF in human cells, we used a drug, etoposide, a

topoisomerase II inhibitor and a potent inducer of DNA DSB (196) The XLF +/-

cells (242 and #72) were as sensitive as WT HCT116 cells (Fig. 6A).  In contrast

to the WT and XLF +/- cell lines, XLF -/- cell lines (61 and #320) were more than

an order of magnitude more sensitive to etoposide (Fig. 6A). To extend these

studies, the sensitivity of the cell lines to IR was determined. The D37 (the dose

required to reduce survival to 37%) for parental and the XLF +/- line (242), was

~3.5 Gy, whereas D37 for the XLF -/- cell line (61) was ~0.5 Gy (Fig. 6B).  Thus,

XLF deficient cells have profound sensitivity to DNA damaging agents.

Stable expression of a full-length XLF protein (Fig. 8A) from a viral vector in XLF -

/- cell line (61) restores the etoposide (Fig 6A) and IR (Fig. 6B) sensitivities back
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to WT levels, demonstrating that XLF deficiency is specifically responsible for the

increased etoposide and IR sensitivity of the XLF -/- cell lines.

To determine whether the etoposide and IR sensitivities of XLF deficient

cell lines are associated with an intrinsic defect in DNA DSB repair, we measured

the capacity of NHEJ efficiency of XLF deficient cells using an in vivo plasmid

end joining assay that has been utilized previously (302), (259). This assay

allows, in addition to the generation of defined DSBs, also the following of their

repair in cells without other forms of DNA damage. In this rapid-readout, direct-

reporting plasmid assay, end joining is measured by the restitution of GFP

expression (Seluanov et al., 2004). Principle characteristics of the plasmid

(pEGFP-Pem1-Ad2) used in the assay (Fig. 8A) is the interruption of the EGFP

sequence by the Pem1 intron, within which restriction sites for HindIII is

engineered upstream and downstream of the Ad2 exon (Fig. 8A). Digestion with

HindIII at both sites generates a linear plasmid with cohesive 5’-overhangs.

Because of the retention of the Ad2 exon, un-digestion or partial digestion at only

one restriction site generates upon ligation a product unable to express GFP.

Due to the ‘buffering’ capacity of the intron, end joining of transfected, linearized

plasmid by the cellular repair apparatus re-constitutes GFP expression, even

when extensive additions or deletions of nucleotides have occurred (259). As a

result, a wide spectrum of end joining events can be detected.

When HindIII linearized plasmid is introduced into parental cell line

HCT116, intracellular circularization allowing GFP expression can be detected

and quantitated by flow cytometry (Fig. 8B & C). The parental cell line repaired

this linearized construct at least an order of magnitude better than the XLF-null

cells (Fig. 8 B &C). As expected, the XLF-null cells complemented with a wild-

type cDNA had almost wild-type levels of NHEJ activity, but unexpectedly so did

the L115A and L179A mutants (Fig. 8 B &C). Thus, the in vitro results (7) were

not recapitulated in our in vivo systems in which to interrogate presumptive

mutations.
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To confirm these results we used a different, but complementary, assay.

This assay uses a reporter plasmid that is biased towards detecting B-NHEJ

events. pDVG94 is designed such that the relative efficiency of C-NHEJ versus

B-NHEJ events can be assessed (177), (299). When pDVG94 is digested with

AfeI and EcoRV it results in a blunt-ended linear substrate with 6-bp repeat at

both ends (Fig. 9 A). C-NHEJ can rejoin these ends and yield a wide variety of

junctions but B-NHEJ almost exclusively generates a single product in which 2

repeats have been reduced to 1, which simultaneously generates a novel BstXI

restriction enzyme site (Fig. 9 A). Thus, linearized pDVG94 plasmid was

transfected into XLF-null cells as well as cells expressing WT, L115A or L179A

XLF cDNA and 48 hr later, repaired plasmids were recovered, and then used as

substrates for PCR using a 5’-radiolabeled PCR primer (Fig. 9 A & B). The level

of B-NHEJ was subsequently determined by quantitation of the BstXI- digested

PCR products. For XLF-null cells ~97% of all repair products were mediated by

B-NHEJ as shown by their susceptibility to BstXI digestion (Fig. 9 C), whereas

the cleavage product was only produced about 2-3% of the time from the

plasmids re-isolated from either the wild-type or null cell line complemented with

a wild-type or mutant (L115A and L179A) cells suggesting that again these two

mutants in vivo complemented the XLF deficiency.

So in summary, XLF deficiency results in etoposide sensitivity (Fig. 6A), IR

sensitivity (Fig. 6B), severe C-NHEJ repair defects (Fig. 8 B, C) and a dramatic

induction of B-NHEJ (Fig. 9 C). So we concluded that XLF is necessary for the

efficient repair of DSBs (C-NHEJ) in human somatic cells.

Intracellular localization of mutant XLF proteins:
To expand these studies described above, we have also constructed 3

naturally occurring patient mutations: R57G, C123R and R178X (26). As

expected, none of these mutants was capable of restoring NHEJ activity to the

XLF-null cell line assayed by the in vivo plasmid end-joining assay (data not
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shown). To try and explore this defect in more detail, we made fusion proteins

with pCherry for each of these proteins as well as for wild-type and the L115A

and L179A derivatives. These constructs were then transiently transfected into

the XLF-null cell line. The L115A, L179A and R178X proteins were expressed at

levels comparable to wild-type (Supp Fig.  9A). C123R and R57G were

expressed less well, suggesting that the mutations result in a misfolded and/or

unstable proteins.  All of the proteins were expressed at sufficient levels,

however, to determine their cellular localization. Unexpectedly, the wild-type

protein showed pancellular staining and while significant amounts of the protein

were nuclear the majority of the protein appeared to reside in the cytoplasm

(Supp Fig.  9B) Similar staining patterns were seen for the L115A, L179A and

R178X proteins (Supp Fig.  9B). The C123R and especially the R57G proteins,

however, were virtually cytoplasmic (Supp Fig.  9B). A comparable result for

R57G result using a c-myc epitope tag and a different cell line has also been

reported (179), suggesting that this is a biologically relevant and reproducible

result. Several tentative conclusions can be drawn from these preliminary results.

First, the patient mutations C123R and R57G appear to result in unstable

proteins that might mis-localize to the cytoplasm. Secondly, it appears as if the

wild-type XLF protein is regulated by nuclear/cytoplasmic partitioning. If the latter

conclusion is true, the mechanism is probably atypical as the R178X mutation,

which removes a classical monopartite nuclear localization signal located at the

extreme C-terminus of the protein, still localizes to the nucleus as well as wild-

type protein (Supp Fig.  9B) Moreover, although XLF is an extremely leucine-rich

protein (42 of 299 residues are leucine), there are no obvious leucine-rich

nuclear export consensus sequences (87). Take together, this data imply, but by

no means prove, that the C123R and R57G residues, which in 3-dimentional

space reside near each other may define a nuclear localization, retention or

export domain.
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Absence of XLF leads to defect in V(D)J recombination in human cells:
To evaluate the role of XLF in V(D)J recombination in human cells, we

used a transient V(D)J recombination assay (91), (90). WT HCT116, XLF+/-, XLF -

/- and XLF -/- cell lines expressing either full-length WT XLF or mutant cDNA were

transfected with vectors that express full-length RAG1 and RAG2 proteins and a

plasmid recombination substrate that is designed to measure the frequency of

either signal joint (pGG49) or coding joint (pGG51) (Table 1). XLF-null cells were

dramatically deficient for both SJ and CJ formation, whereas heterozygous

mutants were capable of performing V(D)J recombination at wild-type levels. To

confirm that the signal and coding joining defects observed in XLF-/- cells is due

to deletion of XLF, we assayed XLF -/- cells expressing full-length XLF cDNA and

found essentially WT levels of signal and coding joint formations, indicating that

the observed defects were specifically associated with the deletion of XLF gene

(Table 1). And once again, the L115A and L179A mutant cells complemented the

XLF deficiency indicating that these mutations do not abrogate XLF function.

Genomic stability in XLF deficient cells:
To determine potential roles of XLF in the maintenance of genomic

stability, we used a FISH assay that combines DAPI staining with a telomere-

specific PNA probe (T-FISH) to assay metaphase chromosomes in WT and XLF-

null cells. XLF deficient cells did not show any significant increased level of

chromosomal abnormality (Supp Fig. 4) relative to WT cells. XLF-null cells were

also cytogenetically analyzed by G-banding. There is no significant genetic

instability in XLF null cells relative to WT HCT116 cells.
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Discussion
XLF has recently been shown to be involved in C-NHEJ  (4), (26), (331),

(160), which is the main pathway for the repair of DNA double-strand breaks in

human cells. Here, we have demonstrated that, inactivation of XLF in human

somatic HCT116 cells results in severe proliferation defect (Fig. 5),

hypersensitivity to DNA damaging agents (Fig. 6), defects in DSB repair (Fig. 7),

and severe defect in extra-chromosomal V(D)J recombination (Table 1) assay.

These phenotypic features found in this study, are consistent with the

observation found in human patients carrying XLF mutations (26), (4) and XLF

deficient mouse ES cells (331).

We found that loss of even one allele of XLF in human somatic cells

results in growth retardation, and the loss of both XLF alleles result in a severe

proliferation defects. This is identical to the phenotypes of human patients

carrying XLF mutations (growth retardation) (26) or the mouse ES cell line

heterozygous or null for XLF (331) but in contrast with the XLF deficient mouse

embryonic fibroblast (MEFs) generated from the XLFΔ/Δ mouse (160). Thus in this

regard, human patients, human somatic cells and mouse ES are different than

the whole mouse. In XLFΔ/Δ mouse exon 4 and 5 of XLF locus has been targeted

which hypothetically produce an in-frame truncated XLF protein which may

explain the lack of proliferation defect in mouse model, but does not explain why

the ES has defect in cell proliferation.

Fibroblasts of XLF patients or XLF knockdown in human cells showed

increased sensitivity to IR and to DSB inducing agent bleocin, impaired NHEJ-

dependent random chromosomal plasmid integration in vivo, and impaired end

ligation of restriction enzyme-induced DSBs in vivo and in vitro in comparison to

XLF proficient cells (4). Similarly targeted disruption of XLF in human somatic

cells resulted severe IR and etoposide sensitivity and impaired in vivo plasmid

end joining. These observations support a DSB repair defects in XLF-deficient

human cell line and suggests a role of XLF for C-NHEJ. The residual DSB repair
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activity of XLF deficient cells in in vivo plasmid end joining assay is dependent on

B-NHEJ pathway (Fattah et al. 2009 manuscript in preparation).

Patients with mutations in the XLF gene showed growth retardation,

microcephaly, and immunodeficiency (26). The immunological defects were due

to T and B lymphocytopenia and hypogammaglobulinemia of serum IgG and IgA

antibodies. These observations from human patients reflect a role of XLF in

V(D)J recombination, particularly in accurate signal join formation, a minor role in

the prevention of nucleotide loss at coding joins, and a potential role in class

switch recombination. The XLFΔ/Δ ES cells were severely impaired for ability to

form V(D)J coding and RS joins in transient assay and were IR sensitive (331).

Like XLF-mutant human fibroblast (56), (26) and mouse ES cells (331), XLF

–deficient human cells are highly defective in the ability to support coding and

signal joint formation in transient RAG-initiated V(D)J recombination assay (Table

1). XLF deficient human cells are defective for both coding and signal similar to

mouse cells deficient for core NHEJ components (Ku, XRRCC4, and LIG IV) and

distinct from Artemis or DNA-PKcs deficient ES cells, which makes nearly normal

signal joints. But surprisingly, lymphocytes from XLF deficient mouse show no or

little V(D)J recombination defect but are still sensitive for IR, suggesting a

lymphocyte specific compensation mechanism for XLF function (160).

Over-expression of a WT XLF cDNA rescued the growth defect (Fig.5), IR

and etoposide sensitivity (Fig 6) and V(D)J recombination ( Table 1) phenotypes

in XLF-deficient cells suggesting a role of XLF in those processes.

The mouse ES cells (331) and MEFs isolated from XLFΔ/Δ mice (160)

showed genomic instability. But surprisingly, XLF-deficient HCT116 cells did not

show significant elevation of genomic instability in comparison to wild-type cells.

So further works needed to be done in human patients’ cell line to address in role

of XLF in maintaining genomic stability in human cells.

Though human XLF mutations are associated with microcephaly (26), and

most recently, a balanced translocation that interrupts XLF gene, has been
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identified in a fetal autopsy samples and suggested to be associated with

polymicrogyria (PMG) (35), the XLFΔ/Δ mouse did not show any excessive

neuronal cell death or a significant reduction of brain weight in embryonic or adult

XLFΔ/Δ mice.

Site-directed mutagenesis revealed the distinct functional domains in XLF

(7). Amino acid substitutions at L174, R178 and L179 in the evolutionary

conserved hinge region abolish the stimulation of the LIGIV activity, while these

mutations do not affect the association with XRCC4 or DNA. A mutation at L115

disrupts the interaction with XRCC4. Here, we introduced point mutations into

XLF cDNA and tested the mutant proteins for their ability to complement XLF

deficiency in XLF null cells. The mutation at positions L115 and L179 was able to

complement XLF deficiency comparable to WT XLF cDNA in in vivo plasmid end

joining assay as well as V(D)J recombination assay. This observation is in

complete contrast with the observation by Andres et al. (7). It is possible that in

vitro some necessary factor/s were missing which were important for XLF

function.

In Miss-sense mutations R57G and C123R were found in XLF defective

patient (26) and are mapped on the surface of the N-terminal globular head

domain by the structure analysis. XLF protein harboring either of these miss-

sense mutations is not retained in the nucleus and exported out into the

cytoplasm, even though these mutant proteins have a typical nuclear localization

signal at their C-terminal ends (Supp Fig. 3), and this is probably the basis for the

NHEJ defects in these patient. Other mutations e.g. L178X (26), and a balanced

translocation that interrupts XLF gene, has been identified in human patients

(35). These XLF transcripts encode the N-terminal portion of XLF, but still cannot

support its’ function, and excluded from nucleus (Supp Fig.3) means the c-

terminal residues are important for XLF’s function. This data in agreement with
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the in vitro observation that the C-terminal 75 residues are required for DNA

binding and the activation of XRCC4.LigIV (7).

In conclusion, this is the first report of targeted XLF inactivation in a

human somatic cell line. Our characterizations of XLF deficient cell line suggest

that XLF is a member of C-NHEJ pathway. Using this cell line, the structure-

function analysis of XLF and its actual function in the C-NHEJ is under

investigation in our lab.
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Figure 1. Scheme for functional inactivation of the human XLF locus. (A) Cartoon

of partial XLF genomic locus in the HCT116 cell line. Exons are shown (not to

scale) as numbered open rectangles. (B) The cartoon of the rAAV targeting

vector. In the targeting vector open boxes are the left and the right inverted

terminal repeats (ITR); black triangles, loxP sites; PGK, phosphoglycerate kinase

eukaryotic promoter; Neo, neomycin-resistance gene; EM7, EM7 prokaryotic

promoter; Zeo, zeomycin-resistance gene; gray rectangles, left and right

homology arms to facilitate targeting by homologous recombination. (C) Cartoon

of a first-round targeted allele. The targeting vector has replaced exon 4 on one

chromosome. a and b are the external and Zeo is the internal probes that were

used for Southern blot analysis. L-ITR and R-ITR are lost upon vector integration.
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Figure 2. Identification of XLF+/- cell lines. (A) Primers used for the diagnostic

PCR screening for XLF+/- clones. (B) Four diagnostic PCR were carried out: an

experimental 5’ PCR to confirm correct targeting events on the 5’ side, using the

primers XLF F1 and LarmR; an experimental 3’ PCR to confirm correct targeting

events from the 3’ side, using the primers RarmF and XLF R1; a vector control

PCR to confirm the presence of the targeting vector in the cell lines, using the

primers RarmF and XLF 4R2; and a DNA quality PCR to confirm the quality of

the genomic DNA preparation, using primers XLF 4F2 and XLF R1. All the gels

are ethidium bromide-stained, with a 1000 bp marker ladder on the far left.

Genomic DNA was isolated from two heterozygous clones (#27 and # 72), two

randomly targeted clones ( # 38 and # 47), and the WT HCT116 cell line.
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Figure 3. Identification of XLF -/- cell line. (A) PCR strategy and primers used for

the generation of XLF -/- cells. (B) Three diagnostic PCRs were carried out to

confirm the loss of exon 4 sequences. The first primer pair is Ex4 F1 and XLF

R2, the second primer pair is Ex4 F2 and XLF R2 and the third primer pair is Neo

F2 and XLF R2. WT is the HCT116 cell line; #27 cre is a XLF+/- clone after cre

treatment; #27 is a XLF+/- clone; #101 is the XLF-/- clone. All the agarose gel

pictures are ethidium bromide-stained, with a 1-kb plus marker ladder on the far

left.
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Figure 4. Documentation of loss of XLF protein. Whole- cell extracts were

prepared from wild-type HCT116, clone # 27 (XLF +/-), clone # 72 (XLF +/-), clone

# 101 (XLF -/-), and clone # 320 (XLF -/-) cells. The extracts were analyzed by

immunoblot for XLF protein using a c-terminal XLF-antibody. One single blot was

also sequentially probed with three more antibodies: XRCC4, LigIV and α-tubulin.
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Figure 5. Growth defects of human somatic cells with reduced and no XLF

expression. Wild-type (WT), XLF +/- (#27 and #72), XLF -/- (#101 and #320), non-

targeted and XLF -/- stably over-expressing WT XLF cDNA HCT116 cells were

seeded on tissue culture plates  (3 X 103 ), and the increase in cell number was

determined by counting trypan blue-excluding cells at daily intervals. The

averages (+/- standard deviations of three independent experiments, each done

in duplicate, are shown.
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Figure 6.  XLF deficient cells are sensitive to DNA-damaging agents. (A)

Etopodide sensitivity. 300 wild-type (WT), XLF +/- (#27 and #72), XLF -/- (#101

and #320), and XLF -/-  stably over-expressing WT XLF cDNA HCT116 cells were

seeded on tissue culture plates in duplicate and exposed to indicated levels of

etoposide. Cells surviving to form colonies of at least 50 cells after 15 days were

scored. (B) IR sensitivity. 300 wild-type (WT), XLF +/- (#27), XLF -/- (#101) and

XLF -/-  stably over-expressing WT XLF cDNA HCT116 cells were seeded on

tissue culture plates in duplicate and X-irradiated at the increasing doses. Cells

surviving to form colonies of at least 50 cells after 15 days were scored. Both

profiles show the averages (+/- standard deviations) of at least two independent

experiments.
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Figure 7. Over-expression of XLF protein. (A) WT XLF cDNA was stably

expressed in XLF-/- cells using a retroviral vector. Two stable clones are shown

(Clone #1 and clone # 2).  (B) Mutant XLF cDNAs , L115A and L179A , are stably

expressed in XLF-/- cells using a retroviral vector.

103



L1
15

A
L1

79
A

XL
F 

-/-
 (#

10
1)

Cl
on

e 
#1

W
T 

XL
F

XL
F 

-/-
 (#

10
1)

W
T 

HC
T1

16
XLF

Tubulin

Cl
on

e 
#2

W
T 

XL
F

104



Figure 8. Effect of NHEJ in XLF deficient Cells using an in vivo end-joining

assay. (A) Reporter substrate for analysis of NHEJ. The reporter substrate

consists of GFP with an artificially engineered intron, interrupted by an adenoviral

exon, flanked by restriction site (HindIII) for induction of DSBs. (B) Efficiency of

NHEJ in WT (HCT116), XLF -/- , XLF -/-  stably over-expressing WT XLF cDNA,

mutant cDNA L115A and L179A. Cells were cotransfected with HindII digested

reporter substrate and pCherry expression vector. The number of green (GFP+)

and cherry + cells were determined by FACS analysis. (C) Quantitation of results

shown in (B). Plotted is relative plasmid rejoining. The ratio of GFP+ to cherry+

was used as a measure of NHEJ efficiency. The profile shows the averages (+/-

standard deviations) of at least two independent experiments.
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Figure 9. Use of microhomology based repair in C-NHEJ mutant cell lines

measured by Dik van Gent assay Reporter substrate biased for use by B-NHEJ.

The reporter has been designed such that cleavage with EcoRV and Afe1 results

in a blunt-ended linear substrate with 6-bp direct repeats (open boxes) at both

ends. C-NHEJ will result in the retention of some of both repeats (double boxes)

whereas B-NHEJ should generate a single repeat (single box), which is the

substrate for BstXI [modified after (Verkail et al., 2002)]. (A) Cartoon showing the

experimental scheme for analysis of the plasmids recovered from transfected

cells. (B) The plasmids are subjected to PCR using one radioactively labeled

(asterisk) primer. The PCR products are then subjected to BstXI restriction

enzyme digestion. (C) Autoradiogram of one such Dik van Gent assay using the

indicated cell lines. The size of the primary PCR products (180 bp) and the BstXI

cleavage product (120 bp) are indicated as are calculated microhomology usage

[represented in the graph right side of each autoradiogram) from 2 independent

experiments] based upon quantitation of phosphoimager data.
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Supplemental Figure 1. Southern hybridization for identification of correct XLF

targeting events. (A) A cartoon of the WT allele and XLF targeted allele showing

the restriction enzyme sites and probe positions.  Southern blot analysis of wild-

type, XLF heterozygous (+/-) and XLF homozygous (-/-) cells. Genomic DNA

samples were doubly digested with HindIII and NheI and hybridized with the

either probe ‘a’ (B) or probe ‘zeo’ (C). Approximate molecular markers are shown

on the right.

109



W
T

#2
7

#1
01

W
T

#2
7

#1
01

#2
7 

Cr
e3

B.

C.

6 kb

2.4 kb

6 kb

110



Supplemental Figure 2. RT-PCR analysis of XLF deficient cells.  (A) A cartoon of

XLF genomic locus showing the primers position used for the RT-PCR analysis.

(B) RT-PCR reactions were carried out to demonstrate the lack of full length

mRNA in XLF deficient cell line. Total mRNA from indicated cell lines were

reverse transcribed using primer Cer 7/8 R1. This first strand cDNA was then

used in three different PCR reactions with primers indicated on the right side of

each panel. The PCR products were identified on an ethidium bromide-stained

agarose gel. The predicted PCR fragments were indicated along with the primers

used.
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Supplemental Figure 3. Intracellular localization of XLF. (A) WT or the indicated

mutant XLFs were expressed in XLF-/- cells as pCherry fusion proteins. Whole

cell extracts were probed with XLF or actin antibodies. * indicates a truncated

protein.(B) The proteins were transiently expressed in XLF-/- cells and their

localization was examined by flurescent microscopy.
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Supplemental Figure 4: G-band Karyotype. The red arrows show instances of
observed aberrant chromosomal abnormalities.
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Table 1. V(D)J Recombination

Substrate

pGG49 (SJ Substrate) pGG51 (CJ Substrate)

Cell Lines DAC/DA DAC/DASJ Formation (%) CJ Formation (%)
a a

WT HCT116

XLF +/-

XLF -/-

XLF 
-/-

XLF 
-/-

XLF -/-

with
WT cDNA

with
L115A cDNA

with
L179A cDNA

2625/72000
107/129600

2014/1200000

0.82%
3.64%
0.16%

0.21%257/120000
32/6000
27/43200

0.53%
0.06%

96/77400
214/180000
942/324000

0.12%
0.11%
0.29%

0.24%
0.27%
0.30%

160/65400
10/3600
64/20700

21/450000
21/420000
53/468000

0/10950
0/70200
10/186000

0.0046%
0.005%

0.0011%

<0.009%
<0.001%

0.005%

685/87300
1928/540000
106/23880

214/87300
192/540000
31/27360

0.78%
0.35%
0.44%

0.24%
0.035%

0.11%

61/31440

23/39480

30/38700

280/64200

0.19% 0.077%

0.058% 0.43%

Transient V(D)J recombination assays were performed in the presence of RAG-1 and RAG-2
 expression vectors.
DAC, numbers of ampicillin-chloramphenicol-resistant E. coli transformants after DpnI 
treatment;  DA, numbers of ampicillin-resistant transforments after DpnI treatment.

a

Data generated by Junghun Kweon, Farjana Fattah  and Natalie Lichter

3/21120 0.014%
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CHAPTER IV

‘Ku’ regulates the pathway choice of

non-homologous end joining in human somatic cells.
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Introduction
One of the most harmful lesions to DNA is a double-strand break (DSB).

Efficient repair of DSBs is critical for the maintenance of genomic integrity (295).

DSBs in genomic DNA are generated endogenously during normal cellular

processes like replication, V(D)J and class-switch recombination and are induced

by a variety of genotoxic agents like ionizing radiation (30).

Cells have evolved two main mechanistically distinct pathways to repair

DSBs: non homologous end joining (NHEJ), a process which directly joins the

breaks without any sequence homology between the broken ends (30), and

homologous recombination (HR) (296), which takes advantage of either

homologous chromosome or sister chromatid to join the broken DNA end. NHEJ

appears to consist of at least two sub-pathways: the main end-joining pathway

described above (C-NHEJ) and one interchangeably referred to as

microhomology mediated end joining (MMEJ), alternative NHEJ (Alt-NHEJ), or

backup NHEJ (B-NHEJ) (hereafter B-NHEJ). It is believed that while C-NHEJ

results in minimum DNA end processing (29), (106) B-NHEJ often results in a

deletion with microhomology at the repair junction (106), (182), (52), (321), (108),

(109), (302), (62). HR pathway can also be subdivided in homology-directed

repair/ gene conversion (HDR/GC) and single stranded annealing (SSA) (317).

HDR/GC uses homologous sequence for gene conversion and SSA involves

homologous single strands to invade the DSB, resulting in deletion between

repeats.

There are seven major proteins involved in C-NHEJ: Ku70, Ku86, the

catalytic subunit of the DNA dependent protein kinase (DNA-PKcs), Artemis,

XRCC4, XLF and DNA ligase IV. Ku70 and Ku86 form a heterodimer and bind to

broken DNA ends (166), (167) and recruits DNA-PKcs, a Ser/Thr kinase

belonging to the PI3 family of kinases. DNA-PKcs phosphorylates the nuclease

Artemis which cleans up the broken ends by cleaving the DNA structures
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containing single to double-strand transition. At the final step the ligation is

catalyzed by DNA LIGIV that forms a complex with XLF and XRCC4.

In order to get insights into NHEJ mechanisms, both in vitro and in vivo

approaches have been carried out. In 1996 the Jackson laboratory (24)

described the existence of a backup nonhomologous end-joining pathway using

extrachromosomal DSB repair studies in budding yeast deficient for yKu70. They

reported the repair junctions isolated from yku70Δ cells have nucleotide deletions

and microhomologies. Several in vitro assays have brought substantial evidence

for a backup DNA-PK independent end-joining pathway (47 [Feldmann, 2000

#145), (301), (334), (224), (302). Moreover, it has been recently shown that

classical NHEJ is dispensable for the repair of DSBs involving microhomology

directed repair (16), (106), (268), (321), (52).

There are evidences of B-NHEJ pathway in NHEJ-deficient cells from

mammals (133), (79), (334), (16), (106), (285), (314), (108), Arabidopsis (117)

budding yeast (182), (327), fission yeast (187), (62) and Xenopus egg extracts

(97). These studies provide evidence that B-NHEJ is clearly a distinct pathway

from classical NHEJ.

Studies from a number of different groups tried to find factors involved in

alternative NHEJ. Several laboratories have described the DNA-PK independent

B-NHEJ pathway in mammalian cells that rely on poly (ADP-ribose) polymerase-

1 (PARP-1)/ XRCC1/DNA ligase III complex and polynucleotide kinase PNK as

well as Fen-1 (10), (97), (301), (165), (302). These studies found that

microhomology regions are often located away from the ends at naturally

occurring DSBs, implying both extensive exonuclease degradation and 3’-flap

removal for the annealing at microhomologous regions. The B-NHEJ pathway is

distinct from classical NHEJ because it does not rely on Ku and LIGIV proteins

for completion. Ku-independent B-NHEJ mechanism in mammalian cells has

been shown to be also independent of XRCC4 (108).
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Yeast strains deficient for NHEJ proteins, like LIGIV or any subunit of

MRX complex joins linearized plasmid or broken chromosomes using B-NHEJ

(332), (307), (197), (251). Both budding and fission yeast Ku70-Ku80 inhibits B-

NHEJ and increases the extent of microhomology required for repair (332), (152).

Mre11’s nucleolytic activity is essential for B-NHEJ in S. cerevisiae (152). CtIP,

human homolog of Sae2 can promote B-NHEJ-like repair (15).

B-NHEJ results in a deletion of one of the two microhomologous sequence

and the sequence between them, and thus, is always mutagenic. B-NHEJ has

been implicated in generation of large deletions and other genomic

rearrangements in mammalian cells.  Microhomology is often found at the

recombination junctions of radiation-induced genomic rearrangements (213)

implying that radiation-induced DSBs can be repaired by B-NHEJ.

Microhomologies are frequently detected at breakpoints for chromosomal

deletions and translocations in human cancer cells (18), (34), (83), (264), (128),

(313), (313) (178) (143), (122), (144). Therefore, B-NHEJ is considered to be a

cause for accumulation of genetic alteration during carcinogenesis. However, the

mechanisms and the physiological significance of B-NHEJ have been largely

unknown.

From the above described evidences, we hypothesized that human cells

can use backup pathways to repair their DNA if the most preferred pathway is

impaired. In this study, we examined the ability of NHEJ deficient human cell

lines to join DNA ends using an in vivo plasmid end joining assay that has been

employed previously to study end joining in mammalian cells (259), (302). Our

results indicate that the inactivation of any core NHEJ component except ‘Ku’

results in severe defects in DSBs repair. Most importantly, we also found that

reduced level of Ku in LIGIV knockout cells facilitates the induction of B-NHEJ

pathway suggesting Ku being the determinant of NHEJ pathway choice. Using

another plasmid substrate biased towards detecting microhomology-mediated

NHEJ pathway (299), we found that, all the mutant lines deficient for C-NHEJ
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factors use microhomologies based B-NHEJ pathway. Moreover, nucleotide

sequence analysis of repaired junctions from all the mutant lines revealed a

striking predominance of microhomologies, also suggesting the existence of a B-

NHEJ-pathway. Surprisingly, deficiency of any of the core NHEJ factors does not

affect the accuracy of end-joining of cohesive ends. Our results also showed that

Ku86 is required to protect DNA ends from degradation. Over-expression of XLF

and DNA-PKcs in the deficient cell lines caused a significant reduction in the

proportion of junctions with microhomologies as well as perfect joining of

cohesive ends. These results suggest that, the C-NHEJ proteins play a critical

role in directing end joining and in absence of them a B-NHEJ process operate

which uses microhomology predominantly.
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Methods and Materials:
Cell Culture: The human wild-type HCT116 cell line and its derivatives were

cultured in McCoy’s 5A medium containing 10% FBS, 100 U/ml penicillin, and

100 U/ml streptomycin in a humidified incubator with 5% CO2 at 37οC. Cell lines

derived from correct gene targeting were grown under G418 (1 mg/ml) selection.

Cell lines carrying exogenous cDNA (either XLF or DNA-PKcs) were grown in 2

ug/ml of Puromycin.

Gene-targeting: Ku70+/-/LIGIV-/- cells were generated using the rAAV targeting

technology described elsewhere (78), ( Oh S et al., unpublished).

Ku86 Cre treatment method: To generate Ku86-null cells the Ku86flox/-  (Ku86F/-)

cells were plated onto 6-well plate at a density of 5 X 104 cells per well and

allowed to attach for 18 hr. Adenoviral infection was carried out by adding 2 ml of

fresh media containing 5 X 108 virus particles (Ad-empty or Ad-Cre) to each well.

After 4 days (96 hr) of incubation the cells were re-plated into 6-well plates and

allowed to incubate for another 24 hr before the cells were transfected with

linearized NHEJ substrate and flow cytometry was carried out after an additional

incubation for 24 hr.

Knockdown of Ku70: For the RNAi experiments, pre-designed, double-stranded

siRNAs (SMARTPool) targeting human Ku70 were purchased from Dharmacon.

End-Joining Assay, Transfection and FACS Analysis: The in vivo end-joining

reporter plasmid pEGFP-Pem1-Ad2 has been described previously (259). The

plasmid was digested with HindIII or I-SceI (NEB) for 8 to 12h to generate

different types of DNA ends. Supercoiled pEGFP-Pem1 plasmid was used to

optimize the transfection and analysis conditions. The pCherry plasmid

(Clontech) was co-transfected with either linearized pEGFP-Pem1-Ad2 or with
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supercoiled pEGFP-Pem1 as a control of transfection efficiency. Cells were split

a day before the transfection and were 60 to 70% confluent during transfection.

All the plasmids were transfected using Lipofectamine 2000 (Invitrogen)

according to manufacture’s instructions. Green (EGFP) and red (Cherry)

fluorescence were measured by flow cytometry 24h later (302). For FACS

analysis the cells were harvested, washed in 1X PBS and fixed using 2%

paraformaldehyde. FACS analysis was done on FACSCalibur instrument (BD

Biosciences). For HCT116 cell line a red-versus-green standard curve was

derived with varying amounts of cherry and green (pEGFP-Pem1) plasmids to

avoid measurements near the plateau region. The values of repaired events is a

ratio of cells that are double positive for red and green fluorescence over total

cells that are only positive for red fluorescence. This ratio normalizes the repair

events to the transfection controls. In the summary chart, the value from the

mutants is a percent repair of wild type cells.

Plasmid Rescue: The repaired NHEJ reporter substrates pEGFP-Pem1-Ad2

were rescued from human cells using a modified Qiagen miniprep protocol and

transformed into E. Coli (TOP10), and colonies carrying the repaired plasmids

were selected on LB plates containing 30 µg/ml of kanamycin. To access the

accuracy of rejoining, the plasmid DNA from individual colonies was digested

using the restriction enzyme HindIII prior to sequencing. The fidelity of NHEJ

events was examined by sequencing using primers upstream and downstream of

Ad2 exon-sequence. Those events that had not restored the original restriction

site are analyzed by sequencing. The primer sequences will be available upon

request. For I-SceI digested substrate all the repair products were directly

sequenced, as incompatible I-SceI sites should not restore the original restriction

sites.

Dik van Gent Assay: The Dik van Gent assay was performed as described

124



previously (299). In brief, 2.5 µg of EcoRV (NEB) and AfeI (NEB) digested

plasmid pDVG94 were transfected into cells at 60% confluency, in 6 well plates,

using Lipofectamine 2000 (Invitrogen) according to manufacture’s instruction.

The transfection efficiency of wild type HCT116 and other mutant lines were

determined using the plasmid pEGFP-Pem1 described above. 48h after

transfection, plasmid DNA was recovered using modified Qiagen miniprep

protocol. Repaired pDVG94 plasmid was PCR amplified using the primer DAR5

(γ-32P)-ATP labeled) and FM30 (299). The PCR product was digested with BstXI

(NEB). Restriction fragments were separated along with undigested PCR product

in a 6% polyacrylamide gel in TBE buffer. The gel was dried and exposed to film.

The bands representing the undigested PCR product (180 bp) or cut (120 bp)

and uncut (180 bp) PCR product after BstXI digestion were quantified using

ImageQuant software and compared.
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Results:
Cell lines and Strategy

To elucidate the roles of C-NHEJ factors, we made use of a recently

developed extrachromosomal reporter assay system that has been successfully

used in mammalian cells before (259), (302). This assay allows, in addition to the

generation of defined DSBs, also follow up of their repair in cells without other

forms of DNA damage. In this rapid-readout, direct-reporting plasmid assay, end

joining is measured by the restitution of GFP expression (259).  The reporter

consists of the GFP (green fluorescent protein) gene engineered such that it is

interrupted by a 2.4kb intron derived from rat Pem1 gene (Fig. 1A). An exon

derived from adenovirus is located in the middle of the intron and it is flanked by

either HindIII or inverted I -SceI restriction enzymes. In the unmodified

configuration, GFP is not expressed because the adenoviral exon is efficiently

incorporated into the GFP mRNA. Digestion of the plasmid either with HindIII or I-

SceI, or using both enzymes, generates a linear plasmid with compatible 5’-

overhanging cohesive ends and incompatible ends respectively. Because of the

retention of the Ad2 exon, un-digestion or partial digestion at only one restriction

site generates upon ligation a product unable to express GFP. Due to the

‘buffering’ capacity of the intron, end joining of transfected, linearized plasmid by

the cellular repair apparatus re-constitutes GFP expression, even when

extensive additions or deletions of nucleotides have occurred (259).  As a result,

a wide spectrum of end joining events can be detected and quantitated by FACS

(fluorescently activated cell sorting). As a transfection control, cells are also

always co-transfected with pCherry expression plasmid and the data are

expressed as the percentage of cherry-positive cells that are also green-positive.

This system has many advantages. First, because the Pem1 intron is 2.4kb long,

this construct can tolerate large deletions and still yield a productive repair

product. Secondly, the HindIII sites are arranged in such that cohesive 4-bp

overlapping ends are generated (Fig. 1B). In addition, the I-SceI sites are
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arranged in an inverted orientation (Fig. 1A), which demands that some sort of

processing must occur before the ends can be rejoined. Thus, the impact of loss-

of-function NHEJ gene mutations on these aspects of DSB repair can be

individually assessed. Lastly, pEGFP-Pem1-Ad2 contains a bacterial origin of

replication and an antibiotic resistance gene such that the plasmids can be

recovered from the human cells and rescued in E. coli. Consequently, the

structure of the repair junctions, which provides enormous mechanistic insight

into the type of repair that was utilized, can be identified by DNA sequencing.

In this study, we used a series of human cell lines deficient for the major

components of C-NHEJ (Table 1) namely, Ku70, Ku86, DNA-PKcs, XLF and DNA

LIGIV in HCT116 background. The wild type HCT116 is a human

adenocarcinoma somatic tissue culture cell line, is diploid and has a stable

karyotype which makes this cell line a popular choice for somatic cell gene-

targeting. This study, to our knowledge, is the first study, where the roles of core

NHEJ factors have been investigated using a series of human genetic knockout

cell lines in an isogenic background.

C-NHEJ deficient cells are not significantly happloinsufficient for the
frequency of plasmid DNA end joining in vivo:

When HindIII or I-SceI linearized plasmid is introduced into parental cell

line HCT116, intracellular circularization allowing GFP expression is detected

and quantitated by flow cytometry (Fig. 2). The parental cell line repaired (HindIII

– 48.5% and I-Sce-I - 62%) this linearized construct very similarly to Ku70

(HindIII – 45.3% and I-Sce-I – 52.3%) or Ku86 (HindIII – 49.8% and I-Sce-I –

51.7%) heterozygous cells but DNA-PKcs heterozygous cells were partially

impaired (HindIII – 31.9% and I-Sce-I – 36.3%). On the other hand, XLF

heterozygous cells have even more difficulty repairing I-SceI induced

incompatible ends (38.3%) compared to HindIII cleaved 5’-cohesive ends

(45.8%) observed in other in vitro studies (Tsai et al., 2007). Lastly, it is
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remarkable that even deletion of one allele of DNA LIGIV results in significant

reduction in repair efficiency of both cohesive and incompatible ends (HindIII –

26.3% and I-Sce-I – 30.3%). Importantly, a partial defect in LIGIV affects the

efficiency of end-joining more strongly than the defect in Ku-heterodimer.

Taken together, these data show that, in vivo, there is an alternative

pathway, which retains ~50% of the efficiency of total NHEJ regardless of the

structure of the ends.

Absence of DNA-PKcs, XLF and LIGIV but not Ku86 reduce DNA repair
efficiency:

It has been shown previously that cells deficient in any of the three

components (Ku70, Ku86 and DNA-PKcs) of DNA-dependent protein kinase,

DNA-PK, are partially deficient in joining of DSBs (Lieber, 1997 #76), (155),

(127). To test whether DNA-PK deficient human cells are also impaired in DSB

repair, we used a Ku86 conditional null cell line as well as a DNA-PKcs-null and

XLF- null and LIGIV cell lines for in vivo plasmid end-joining assay.

The parental cell line repaired (HindIII – 51.2% and I-Sce-I – 64.4%) this

linearized construct very similarly to Ku86 conditional null cell line (Supp Fig. 1)

(HindIII – 57.7% and I-Sce-I – 66.1%) (Fig. 5A) but DNA-PKcs –null cells were

highly impaired (HindIII – 2.9 % and I-Sce-I – 5.1%) (Fig.3).

Next we examined the DSB repair efficiency in XLF-null and LIGIV-null

cells as they are involved in the ligation step of C-NHEJ pathway. Deletion of

both XLF  (HindIII – 5.3% and I-Sce-I – 6.2%) and LIGIV  (HindIII – 2.4% and I-

Sce-I – 0.64%) severely impaired the DSB repair efficiency (Fig. 3) suggesting

that C-NHEJ pathway is the major pathway of repair in human cell. While XLF

null cells were extremely compromised for repair, they were reproducibly more

active than the LIGIV-null cells, which were barely above background activity.

This is consistent with XLF playing an important, but not essential, role in DNA

DSB ligation. Of note, the data indicate that a small fraction of DSBs was still
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rejoined in the absence of a functional LIGIV complex though the I-SceI induced

incompatible ends are barely repaired in LIGIV-null cells. Most strikingly, we

found that absence of Ku did not lead to a reduction in DSB repair, which

markedly contrasts with more than ~20 fold reduced rejoining ability of LIGIV null

cells. The DSB repair defect of DNA-PKcs and XLF null cells were rescued by the

over-expression of DNA-PKcs  (Fig. 4 & Sup Fig. 2) and XLF cDNA suggesting

the phenotypes were due to the deficiency of these proteins. Figure 6. is

representing the repair efficiency of 4 independent experiments in all the cell line

we analyzed. In conclusion, deletion of DNA-PKcs, XLF and LIGIV, but not Ku86,

reduced DNA repair efficiency in human somatic cells.

B - NHEJ is negatively regulated by Ku in human cells:
It has been previously described that in chicken DT40 cells, the ionizing

radiation sensitivity of LIGIV deficient cells can be rescued by deletion of Ku (2).

Moreover, mouse cell lines deficient for Ku86 repair DSBs with similar frequency

to wild-type cells (255). On the other hand, LIGIV deficiency results in embryonic

lethality that can be rescued by the deletion of Ku86 (134). So it is possible that

in human cells, the repair defects of LIGIV null cells can be rescued by the

absence of Ku. To test the hypothesis, whether ‘Ku’ is directing the pathway

choice, we generated a double knockout cell line, which is, Ku70 +/- and

LIGIV-/-, using previously described rAAV-based gene targeting technology (Oh

et al., Unpublished; (Fattah, 2008 #982) (Data not shown). When we used this

cell line for DSB repair assay, it essentially behaved like LIGIV null cells because

it could not repair DSBs (Fig.5B). This cell line has ~50% level of Ku70 compare

to wild-type HCT116 cells. It has been shown a number of times previously that

reducing the level of any subunit of Ku destabilize the other subunit (161),(77).

Next we used, siRNA against Ku70 to reduce the level of ‘Ku’ protein further in

Ku70+/- /LIGIV-/- double knockout cells which should also result in reduction of

Ku86 level. This siRNA treated cell line has very low level (~5% of wild-type) of
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‘Ku’ protein. Then we used this siRNA treated Ku70+/- /LIGIV-/- double knockout

cells for in vivo plasmid end-joining assay. As we expected, the reduction of ‘Ku’

level in Ku70+/- /LIGIV-/- double knockout cells (HindIII – 7.5% and I-Sce-I –

10.9%) partially rescued the repair phenotype of Ku70+/- /LIGIV-/- double knockout

cells (HindIII – 1.6% and I-Sce-I – 1.5%) (Fig 5B) suggesting in presence of Ku

the B-NHEJ machinery cannot gain excess of broken DNA ends. So elimination

of Ku helps for the induction of B-NHEJ pathway.  Though the level of repair in

Ku70+/- /LIGIV-/- double knockout cells is not as dramatic as the Ku86 conditional

null because probably siRNA is not as effective as genetic knockout.

‘Ku’ protects DNA ends from degradation:

The absence of a defect on rejoining efficiency in Ku86- conditional null

cells does not preclude the possibility of an alteration in the fidelity of repair. Thus

we proceeded to perform DNA sequencing on individual colonies rescued in E.

coli cells. We analyzed the sequences at the novel junctions. The NHEJ reporter

cassette contains the bacterial origin of replication and the kanamycin resistance

gene (Fig 1), which enables rescue of the reporter plasmid in E. coli. We

detected a significant increase in deletion size in Ku86 null cells compared to

wild-type cells (Table 2). In wild-type cells the median deletion size was 595bp

where as in Ku86 null cells it was 1158bp for HindIII cleaved junctions. This

same trend was also observed in I-SceI cleaved junctions as in Ku86 null cells

the median deletion size was 1197bp in comparison to 321bp in wild type cells.

In addition, Ku86 hetrozygous and null cells used significantly more often

microhomologies of >6-bp than the wild-type cells (Table 2), suggesting the loss

of Ku86 changes the mechanism of rejoining.

In DNA-PKcs-null (Table 3), XLF-null (Table 4) and LIGIV-null (Table 5)

cell lines we observed a spectrum of repair products similar, although not

identical, to the repair phenotype of Ku86 null cells. But surprisingly, deletion of

DNA-PKcs (Table 3), XLF (Table 4) and LIGIV (Table 5) resulted in less
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degradation of DNA ends compared to wild-type cells. In DNA-PKcs-null, XLF-null

and LIGIV-null cell lines the Ku heterodimer is still present and may protect the

DNA ends, though cannot carry out C-NHEJ due to the absence of other

essential component to finish the whole end joining process. In all the null cell

lines we have seen a significant number of microhomology use and in some

cases the length of microhomology is >6 bp. In XLF-null cell line I-SceI cleaved

breaks were rejoined using a preferential microhomology sequence that resulted

in 13-bp signature deletion. We repeatedly have seen this hotspot of

microhomology from a number of different independent experiments in XLF-null

cells.

Due to low recovery of recombinants obtained from LIGIV null cells

repairing I-SceI cleaved joints in the above experiment, several additional

transfections were carried out to increase the number of recombinants available

for analysis. We were unable to obtain significant number of transformants for

analysis suggesting that LIGIV deficiency severely impair the joining of non-

complementary DNA ends.

Absence of C-NHEJ factors enhances error free rejoining of cohesive DNA
ends:

Previous studies with extrachromosomal substrates in mammalian cells

suggested that Ku86 is involved in the precise ligation of complementary DNA

ends (108). As outlined above in Fig.1, cohesive ends are created when the

plasmid substrate is digested with HindIII.  Error free ligation creates one HindIII

site that can be easily detected by digesting the recovered plasmids with HindIII,

which linearizes the plasmid backbone. Examples of such single cleavage events

are shown in figure 7B. In a typical analytical gel HindIII digestion from wild-type

or Ku86 heterozygous cells produces an average of 2-3 perfect joining events,

whereas in Ku86 null cells the majority of recovered plasmid can be cleaved by

HindIII, (Only 23% junctions showed high-fidelity perfect end joining in wild-type
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cells whereas in Ku86 null cells 77% junctions were perfect joining) suggesting

an induction of repair mechanism producing error free joining of 5’- cohesive

ends in absence of Ku86. Similar results were obtained from all the null cells that

we used for our study: DNA-PKcs, XLF and LIGIV (Fig 7C). Later we sequenced

most of these perfect end join producing plasmids to further confirm the

restriction digestion pattern. More importantly, when DNA-PKcs null and XLF null

cells were complemented by over-expressing the DNA-PKcs and XLF cDNA

respectively, the perfect end joining spectrum of these null cells were shifted

towards wild-type cells, suggesting that indeed the deficiency of DNA-PKcs and

XLF were responsible for this phenotype (Fig 7C).

A robust induction of microhomology-mediated B-NHEJ in core NHEJ
deficient cells:

Previous studies (133), (299), (108) showed that Ku86 and DNA-PKcs

defective rodent cell lines showed a marked preference for microhomology-

directed end-joining of DSBs. We analyzed end-joining in Ku86, DNA-PKcs, XLF

and LIGIV-deficient human cells using Dik van gent assay (299) (Fig. 8). This

assay uses a reporter plasmid that is biased towards detecting B-NHEJ events.

pDVG94 is designed such that the relative efficiency of C-NHEJ versus B-NHEJ

events can be assessed (177), (299). When pDVG94 is digested with AfeI and

EcoRV it results in a blunt-ended linear substrate with 6-bp repeat at both ends

(Fig. 8A). C-NHEJ can rejoin these ends and yield a wide variety of junctions but

B-NHEJ almost exclusively generates a single product in which 2 repeats have

been reduced to 1, which simultaneously generates a novel BstXI restriction

enzyme site (Fig. 8A). Human cell line conditionally null for Ku86 gene showed

an average of >40% microhomology use compared to <5% in the parental cell

line HCT116 (Fig. 8C). When we analyzed DNA-PKcs deficient cells we found

that >80% cells were using microgomology (Fig. 8D). Most importantly,

microhomology use was significantly reduced (<40%) in the DNA-PKcs deficient
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cell lines over-expressing a wild-type DNA-PKcs cDNA, showing that the

phenotype was indeed caused by the deficiency of DNA-PKcs. The microhomolgy

use was more pronounced in DNA-PKcs deficient cells compared to Ku86

deficient cells because it is often difficult to achieve 100% Cre-infection in

conditional-null cell line.

XRCC4, XLF and LIGIV work in a complex to catalyze the ligation reaction

of end-joining. In addition to the mutants in DNA-PK components, mutation of the

XRCC4 gene has also been shown to result in preferential use of

microhomologies in the end-joining process (133), (299), (108) in rodent cells. So

next we wanted to investigate the deficiency of XLF and LIGIV on microhomology

use. As expected, both XLF (Fig 8E) and LIGIV (Fig. 8F) – defective cell lines

showed a significant increase in (>95%) microhomology use compared to wild-

type cells. And once again, in the XLF cDNA complemented cell line

microhomology use was reduced to wild-type level, confirming that XLF was the

inhibitory factor for this pathway. In conclusion, all the human mutant cell lines

deficient for core NHEJ factors showed a significant increase of microhomology

use in our end-joining assay.
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Discussion:
Although NHEJ represents the major DSB repair mechanism in

mammalian cells, little is known about its efficiency. Two factors, the frequency

and fidelity of rejoining, are important parameters in the efficiency of repair. The

frequency, representing the capacity of cells to rejoin the DSB, is likely to

correlate with survival. The fidelity represents the ability to rejoin the breaks

accurately and may influence other end points such as genomic stability and the

onset of oncogenesis.

In this study, using a series of human genetic knockout cell lines for major

genes involved in classical NHEJ, we showed that the absence of DNA-PKcs,

XLF or LIGIV, but not ‘Ku’, result in decreased frequency of end joining in an in

vivo plasmid end joining assay. Although extrachromosomal DSBs, which are

probably more accessible than the DSBs encountered in a chromosomal context,

may result in higher repair efficiency, data from budding yeast suggests that

extrachromosomal assays mirror chromosomal breaks in several respects (135).

The remarkably different phenotype of Ku knockout cells, in comparison to

knockouts of the other NHEJ factors with regard to the repair of DSBs mirrors the

embryonic lethality of LIGIV knockout mice as opposed to the viability of the

Ku86 and LIGIV double knockout (134). Our results are in agreement with the

previous studies done in mouse (15), hamster (108) or human (265) cell lines

deficient for components of C-NHEJ pathway.

We also showed that deficiency of the catalytic subunit of DNA-PK, DNA-

PKcs,  results in significant repair defect confirming that C-NHEJ is the major DSB

repair pathway in human cell. Previously Perrault et al., (224) used a DNA-PKcs

defective (M059J) whole cell extracts for in vitro plasmid end joining assay using

restriction enzyme linearized plasmid. They showed that MO59J cell line

supports active end joining. When they treated HeLa cells with a PI3K inhibitor,

Wortmannin, which should inhibit DNA-PKcs kinase activity, the overall DNA end

joining is inhibited, suggesting that kinase inactive DNA-PK binding to DNA ends
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inhibits classical NHEJ and also prevents the operation of backup pathway. In

their assay they found that HeLa cells as well as M059J cells joining is mostly

error-free (90%). Similar to their observation we found that in DNA-PKcs deficient

cells there is residual activity of end joining which rely on mainly microhomology

sequences for end-joining and the rest of the joints which did not use

microhomolgy, surprisingly are error-free.

The residual activity with decreased fidelity is also observed in the LIGIV

and XLF - null cell lines, demonstrating the existence of an LIGIV-independent

end-joining process, a feature consistent with the observation seen in XRCC4

deficient rodent (108) and murine (255) cell lines. This rejoining activity appears

to be more proficient in rejoining cohesive-ends relative to noncomplementary

ends, similar to observation in human cells null for LIGIV (265). In budding yeast

deletion of DNL4 (LIG4 homolog) and its accessory factor NEJ1 (XLF homolog)

reduces MMEJ repair approximately by half but does not completely eliminate it

(182) suggesting DNL4’s role in the ligation step of MMEJ. Yeast doesn’t have

LIGIII. So probably yeast uses LIGIV as one of its liagse for MMEJ. This

observation is in complete contrast with ours as in LIG4 null or XLF null lines we

see a dramatic activation of microhomology repair. So in human cell LIG4

complex negatively regulates B-NHEJ pathway. Although microhomologies have

been previously reported to help NHEJ-mediated repair of DSBs (243), (280),

(280) the MMEJ pathway is distinct from NHEJ because it does not rely on Ku

and LIGIV NHEJ proteins for completion.

Similar to our findings, in contrast to XRCC4-null MEFs, Ku86 knock-out

MEFs were almost as competent in rejoining I-SceI-induced DSB as wild-type

cells (255). Analysis of repair products in Ku86 deficient cells showed that Ku-

independent end-joining is mechanistically distinct from repair in wild-type cells,

suggesting a switch to another pathway (107), (255). In human cells B-NHEJ of

linear plasmid substrate is still functioning in both XLF- and LIGIV- deficient cells,

suggesting that another ligase is responsible for coupling the DNA ends in this
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pathway. One possible alternative is the PARP1/XRCC1/LIGIII dependent end-

joining in absence of Ku (302), (11). It has been already shown that human DNA

LIGI and LIGIII contribute to microhomology end joining (165).

We found that Ku controls the uses of backup pathways. The Ku

heterodimer is probably involved in a very early step of DSB repair, most likely in

the initial recognition of the DNA ends. Ku is a strong inhibitor of

extrachromosomal B-NHEJ. These data support a protective role for the Ku

heterodimer, which by binding to DNA ends, presumably reduce access to

exonucleases (92), thereby limiting the B-NHEJ process. Together our work with

the work in budding yeast showing that the B-NHEJ repair of DSBs is facilitated

by deletion of Ku (24), and our study supports a role for Ku in repressing B-NHEJ

repair of DSBs.

Taken together our data indicate that microhomology-directed end-joining

does not require either the early or the late-acting components of the C-NHEJ

pathway, suggesting that it constitutes a completely separate DSB repair

pathway. We propose that the whole repair complex has to be assembled before

the joining pathway is irreversibly determined.

Previous studies with extrachromosomal substrates suggested that Ku86

and LIGIV are involved in the precise ligation of complementary DNA ends (79),

(265), (136). Using a linearized plasmid DNA with microhomologous sequences

of 10 bp at both ends, Katsura et al. recently has shown that in CHO cells Ku86-

deficiency caused approximately 75% reduction of the MMEJ activity. This

observation is in contrast with the result we obtained using the similar MMEJ

biased plasmid substrate in Ku86 null cells as absence of Ku increased the B-

NHEJ repair compared to wild-type cells. The reason for the discrepancy

between our data and the data from CHO cells is not clear. However, we have to

consider that all the MMEJ processes against chromosomal DSBs are not

necessarily reproduced on the present plasmid DNA substrates. The 6-bp perfect

homology that would only very rarely be encountered in vivo was set as a
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microhomologous sequence in this assay. In addition, deletions at DNA ends

frequently occurred before joining, as commonly observed in DNA end joining

assay in which linear DNAs were introduced into cells as repair substrates (133),

(164). These facts might have made MMEJ more representative in the assay

than in physiological DSB repair due to the extreme ease of finding

microhomology at DNA ends in the repair.

In the present study, we focused on the usage of microhomology in the

DNA end joining to investigate the mechanism of MMEJ, a representative

mutagenic DSB repair.

However, it has been shown that NHEJ also results in mutagenic repair

associated with deletions and insertions at DNA ends (169), (136). The

mechanism for the occurrence of such mutagenic NHEJ has not been fully

understood. Sequence analysis of the inaccurately rejoined junctions has also

provided insights into the events taking place at DNA ends. In the present study,

the majority of NHEJ products from wild-type cells had deletions at DNA ends,

supporting the occurrence of mutagenic NHEJ in vivo. Another observation is

that, the wild type cells has deletion larger because the used primers often failed

to produce the sequencing data and we had to analyze a large number of

rescued plasmids to obtain significant number of sequencing data. No consistent

change in deletion size was seen in LIGIV or XLF deficient lines.

Microhomology was observed frequently in the inaccurately rejoined

junctions, demonstrating that DNA LIGIV-independent rejoining can exploit direct

repeat sequences to aid rejoining. Interestingly, deletions of DNA ends occurred

more predominately in a substrate with compatible ends than in substrate with

incompatible ends. This result was in contrast with a recent proposal that

incompatibility of DNA ends is a cause for the occurrence of NHEJ with deletions

at DNA ends (169). In the present study, repaired products were analyzed by

sequencing primers located within the 2.4 kb region of Pem1 intron sequence,

thus, only the repair products that retain the sequence within the primer
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sequences were investigated. Therefore, repaired products with huge deletions

of DNA that extended over the location of primers were not included in the

analysis even if such products were produced in the cells. Thus, DNA end joining

associated with deletions might have been under-represented in the present

study. This study suggested that the structure of substrates, including intervening

sequence between microhomologous sequences and compatibility of DNA ends,

affects the joining. Thus, more comprehensive analyses of DNA end joining using

a set of DNA substrate with different structures will lead to a further elucidation of

the mechanism of mutagenic DSB repair.

 It has been known for years that Ku-deficient mice are viable and is not

defective for V(D)J recombination. On the other hand, XRCC4 or LIGIV deficient

mice are inviable. These phenotypes suggest that, there may be an

XRCC4/LIGIV-dependent pathway that works independent of Ku. But the results

we presented here suggest that, the previous interpretation is probably not

correct. The evidences we showed here in human cells suggest that Ku may play

an XRCC4/LIGIV-independent role in regulating NHEJ, probably by preventing

the B-NHEJ machinery from gaining access to the DSB ends when Ku-

heterodimer is associated with the ends. In our study we found that Ku-deficiency

results in end degradation. In budding yeast and in rodent cells lines Ku-

deficiency results in similar phenotypes suggesting that Ku protects the DNA

ends from degradation. Moreover, B-NHEJ requires resection of DNA ends for

the search of microhomology. So it is evident that, in absence of Ku the B-NHEJ

gains access the DNA ends. Lastly, our findings can help to explain why LIGIV

deficiency can be rescued by Ku-deletion in mice (134) and may be intriguing to

imagine that absence of Ku probably activate B-NHEJ pathway for the

maintenance of genomic integrity.
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Figure 1. Reporter substrate for analysis of NHEJ. A cartoon of the reporter

construct (pEGFP-Pem1-Ad2). (A) The construct is essentially a GFP cassette

whose expression is driven by CMV promoter and terminated by the SV40 polyA

sequence. “G” is separated from “FP” by a 2.4 kb intron containing an exon (Ad)

from adenovirus that is flanked by HindIII and I-SceI restriction sites. Splice

donor (SD) and splice acceptor (SA) sites are shown. (B) Restriction sites used

to introduce DSBs. Digestion with HindIII generate compatible cohesive ends.

Because I-SceI has a nonpalindromic 18-bp recognition site, clevage of the two

inverted I-SceI sites generates incompatible ends. (C) Due to the presence of

Ad-exon into the middle of the Pem1 intron, the Ad exon is efficiently spliced into

the middle of the GFP ORF, inactivating the GFP activity and thus making the

starting substrate GFP negative. On the both side of the Ad-2 exon has HindIII/I-

Sce-I restriction sites. Cleavage with either of these endonucleases removes the

killer exon and upon successful intracellular plasmid circularization GFP

expression is restored and can be quantitated by flow cytometery.

140



GG FPFP

pCMVpCMV

AdAd

SDSD SASA SDSD SASA

HindIII/I-SceIHindIII/I-SceI I-SceI/HindIIII-SceI/HindIII
SV40 polyASV40 polyA AA

TTCGATTCGA AA
AGCTTAGCTT

TAGGGATAATAGGGATAA
ATCCCATCCC

CCCTACCCTA
AATAGGGATAATAGGGAT

HindIII ( Compatable ends):HindIII ( Compatable ends):

I-SceI (Incompatable ends): I-SceI (Incompatable ends): 

GG FPFPAd ExonAd Exon

GG FPFP

GG FPFPAd ExonAd Exon

GG FPFP Green CellsGreen Cells
RepairRepair
& Splicing& Splicing

  Splicing  Splicing

A.A. B.B.

C.C.

141



Figure 2.  Efficiency of NHEJ in WT HCT116 and C-NHEJ mutant

(heterozygous) cell lines. Indicated cell line was transfected with HindIII or I-SceI

linearized pEGFP-Pem1-Ad2 together with supercoiled pCherry (to monitor

transfection efficiency). The number in the top right corner corresponds to the

percentage of cells that turned green after 24 hr to the percentage of cells

productively transfected.
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Figure 3.  Efficiency of NHEJ in WT HCT116 and C-NHEJ mutant (homozygous)

cell lines. Indicated cell line was transfected with HindIII or I-SceI linearized

pEGFP-Pem1-Ad2 together with supercoiled pCherry (to monitor transfection

efficiency). The number in the top right corner corresponds to the percentage of

cells that turned green after 24 hr to the percentage of cells productively

transfected.
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Figure 4.  Efficiency of NHEJ in WT HCT116 and C-NHEJ mutant complemented

cell lines. Indicated cell line was transfected with HindIII or I-SceI linearized

pEGFP-Pem1-Ad2 together with supercoiled pCherry (to monitor transfection

efficiency). The number in the top right corner corresponds to the percentage of

cells that turned green after 24 hr to the percentage of cells productively

transfected.
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Figure 5.  Efficiency of NHEJ in WT HCT116, Ku86 and C-NHEJ mutant siRNA

treated cell lines. Plotted is the GFP+/Cherry+ ratio for the indicated cell lines.

Indicated cell line was transfected with HindIII or I-SceI linearized pEGFP-Pem1-

Ad2 together with supercoiled pCherry (to monitor transfection efficiency). The

number in the top right corner corresponds to the percentage of cells that turned

green after 24 hr to the percentage of cells productively transfected.  Plasmids

were transfected 48 hr after treatment with siRNA and flow cytometry was carried

out after an additional incubation for 24 hr. (A) Ku86 conditional cell line upon

Cre-treatment. (B) Ku70 siRNA treatment in LIGIV-/-/Ku70+/- cells.
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Figure 6.  Quantitation of four experiments similar to showed in FACS data 2 and

3. Plotted is relative plasmid rejoining in WT HCT116 and C-NHEJ mutant cell

lines as calculated by dividing GFP+/Cherry+ ratios of samples. Results obtained

with cells transfected with HindIII as well as I-Sce-I linearized plasmid are shown.

The WT HCT116 plasmid rejoining efficiency is set to 100%.
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Figure 7.  Analysis of plasmid repair products demonstrating backup DSB repair

pathways operates in C-NHEJ mutant backgrounds. (A) Restriction enzyme map

of the pEGFP-Pem1-Ad2 indicating the location of the HindIII cleavage sites that

flank the Ad2 exon. (B) Individual transformants arising after the WT HCT116,

Ku86 +/- and Ku86-/- cell lines had been transfected by HindIII-linearized pEFGP-

Pem1-Ad2 were isolated and the repaired pEGFP-Pem1-Ad2 plasmid molecules

that they contained were rescued into E. coli, then were amplified and purified.

After cleavage of 19 representative plasmid preparations (1-19) with HindIII, the

digestion products were separated by electrophoresis on a 1% agarose gel and

then were visualized by ethidium bromide staining and UV irradiation. (C) The

percentage of perfect joining in all the cell line analyzed.
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Figure 8. Use of microhomology based repair in C-NHEJ mutant cell lines

measured by Dik van Gent assay Reporter substrate biased for use by B-NHEJ.

The reporter has been designed such that cleavage with EcoRV and Afe1 results

in a blunt-ended linear substrate with 6-bp direct repeats (open boxes) at both

ends. C-NHEJ will result in the retention of some of both repeats (double boxes)

whereas B-NHEJ should generate a single repeat (single box), which is the

substrate for BstXI [modified after (Verkail et al., 2002)]. Cartoon showing the

experimental scheme for analysis of the plasmids recovered from transfected

cells. The plasmids are subjected to PCR using one radioactively labeled

(asterisk) primer. The PCR products are then subjected to BstXI restriction

enzyme digestion. (C), (D), (E) and (F) Autoradiogram of one such Dik van Gent

assay using the indicated cell lines. The size of the primary PCR products (180

bp) and the BstXI cleavage product (120 bp) are indicated as are calculated

microhomology usage [represented in the graph right side of each

autoradiogram) from 2 independent experiments] based upon quantitation of

phosphoimager data.
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Supplimental Figure 1. Ku protein level in Ku86 conditional cell line. Ku86F/- cell

line was exposed to either Ad-empty or Ad-Cre and 96, 120 or 144 hr later whole

cell extracts were prepared and analyzed by Western analysis using antibodies

directed against Ku86 and tubulin.

156



W
T H

CT116
96 h

r

96 h
r

120 h
r

144 h
r

120 h
r

144 h
r

Ad- Empty Ad- Cre

Ku86
F/-

Ku86

Tubulin

 Ad-Empty  Ad-Cre

 Ku86 F/-

A.

B.

157



Supplimental Figure 2. Over-expression of DNA-PKcs protein. (A) WT DNA-PKcs
cDNA was stably expressed in DNA-PKcs -/-.
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Table Explanation

Hind III Tables:
Samples shown in the table do not include those that perfectly joined their ends

after HindIII digestion, hence the variation in column height across cell lines.  The

percentage of perfect joins within the thirty samples is shown in the last row.  The

nucleotide deletions upstream (left column) and downstream (right column) are

shown for each sample. Total nucleotide deletion data are skewed to the right so

both the mean and median of total nucleotide deletions are summarized below

the individual sample data.  Letters in the middle column describe

microhomology sequences.  Numbers in the middle column represent the

number of nucleotide insertions, and all other samples bluntly ligated the double-

stranded DNA break. The percentage of both microhomology and insertions are

also summarized.

ISce-1 Tables:
Thirty samples are collected from three or more independent transfections, and

the nucleotide deletions upstream (left column) and downstream (right column)

for each sample are given.   Total nucleotide deletion data are skewed to the

right so both the mean and the median of the total nucleotide deletions are

summarized below the individual sample data. Letters in the middle column

describe microhomology sequences.  Numbers in the middle column represent

the number of nucleotide insertions, and all other samples bluntly ligated the

double-stranded DNA break induced by ISce-1 digestion. The percentage of both

microhomology and insertions are also summarized.
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Table 2
HindIII Data

WT Ku70+/- Ku86Flox/-

del del del del del del
0 4 bp 0 0 4 bp 0 0 5 bp 0
0 5 bp 5 28 … 12 0 3 bp 5
6 … 0 14 AgCAT 34 9 TG 25
2 … 4 55 63 bp 12 Ku86 +/- 53 GG 79
3 … 18 89 … 13 del del 109 … 61

43 … 97 27 73 bp 76 2 … 55 109 … 61
60 … 94 98 8 bp 13 2 … 55 94 TGGc 130

126 … 228 89 GGGGG 79 3 … 55 95 TGG 130
352 23 bp 17 1 AAG 186 34 … 68 61 … 164
53 2 bp 379 9 … 185 47 AGGGgAAAGAg 226 94 1 bp 133

253 AGG 304 167 … 287 163 … 140 120 T 133
256 … 339 177 … 300 197 A 111 147 CTG 114
368 TT 246 924 47 bp 134 172 … 207 133 … 156
337 3 bp 293 875 C 237 349 … 66 267 CA 119
746 … 296 248 CC 1072 149 C 431 248 GCaACC 427 Ku86 -/-

352 18 bp 720 674 … 708 290 GGATtGtGC 317 347 11 bp 345 del del
369 5 bp 887 1455 … 274 453 G 302 668 … 304 62 … 4
823 … 443 629 CC 1202 668 … 304 361 … 676 234 75 bp 335
51 GGG 698 1878 … 4 1002 … 127 4 T 2033 214 … 828

699 … 838 2368 … 223 881 77 bp 358 410 … 1667 830 GT 328
1884 TG 4 2354 G 217 1472 … 164 410 … 1667 1441 35 bp 36
352 93 bp 2355 2354 G 217 1569 … 95 334 A 1800 0 … 1754
337 … 2428 353 68 bp 2355 2354 G 217 2504 … 175 244 … 1815

AVERAGE: 325 465 646 341 545 183 286 452 432 729
Total Deletion Average: 820 984 723 739 1161

Total Deletion Median: 595 477 498 267 1158
Percent Microhomology: 13% 27% 20% 33% 3%

Percent Insertions: 27% 20% 3% 13% 7%
Percent Perfect Joins: 23% 23% 40% 23% 77%

ISce-1 Data
WT Ku70 +/- Ku86 +/- Ku86Flox/- Ku86 -/-

del del del del del del del del del del
2 … 0 2 3 bp 0 0 1 bp 0 0 … 0 4 … 0
2 … 0 3 4 bp 0 1 1 bp 0 3 … 1 4 3 bp 0
3 … 0 4 … 0 8 12 bp 5 4 4 bp 0 9 AAGCTT 5
4 … 0 4 4 bp 0 9 AAGCTT 5 4 5 bp 0 18 CC 0
9 aAAGCTT 4 7 7 bp 0 11 … 6 8 8 bp 0 4 … 26
9 AAGCTT 5 16 … 9 26 … 6 17 … 0 44 2 bp 15
9 155 bp 8 26 1 bp 0 27 33 bp 6 23 5 bp 0 139 … 0

16 … 8 67 … 1 27 15 bp 8 7 40 bp 33 67 GG 85
16 6 bp 10 8 T 67 54 1 bp 12 34 … 15 187 3 bp 0
22 TGT 10 86 19 bp 2 1 1 bp 85 28 T 23 192 … 0
41 AA 15 110 … 126 22 103 bp 85 56 … 7 208 G 103
18 C 79 26 2 bp 289 204 AC 18 66 … 13 413 … 2
58 97 bp 59 221 … 181 211 AC 18 1 3 bp 87 23 2 bp 470

259 CC 1 139 6 bp 470 161  6 bp 85 124 TG 136 294 … 546
168 T 145 599 … 85 163 … 195 273 257 bp 1 253 T 729
69 … 260 366 16 bp 375 55 CTT 344 190 … 207 706 … 505

168 AT 175 209 AG 589 816 GCTTGTC 7 286 4 bp 223 693 1 bp 583
119 GG 315 240 1 bp 613 366 18 bp 483 286 A 226 693 1 bp 583
388 35 bp 413 649 … 316 865 57 bp 24 289 A 223 1673 C 173
165 C 693 87 3 bp 903 172 … 787 271 CT 298 1773 … 328
59 GGA 844 92 117 bp 1017 351 … 755 271 CCT 298 2107 G 27

681 T 275 769 … 353 769 … 353 243 C 331 1889 CAAG 336
977 … 236 270 7 bp 1094 769 7 bp 361 228 … 834 994 TGAAcCCA 1355
525 TCA 788 1705 A 210 276 G 908 769 … 353 748 … 1687
617 … 931 1713 … 225 794 GG 405 399 TCCA 1492 2501 … 0

2179 … 491 626 T 1534 30 AC 1247 227 6 bp 1822 199 63 bp 2361
2613 … 117 67 G 2455 712 C 1142 196 … 2089 1436 TGCTGCTGC 1137
1201 T 1773 548 tTTT 2374 1636 A 239 2343 … 0 1457 TGCTGCTGC 1137
145 271 bp 4313 673 … 2315 195 GG 1872 61 141 bp 2297 2624 2 bp 0
218 318 bp 4277 511 G 2738 100 130 bp 2302 54 C 2393 1283 … 1846

AVERAGE: 359 542 328 611 294 392 225 447 755 468
Total Deletion Average: 900 939 686 672 1223

Total Deletion Median: 321 713 379 336 1097
Percent Microhomology: 47% 23% 37% 30% 37%

Percent Insertions: 20% 43% 43% 33% 27%
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Table 3*
HindIII Data

WT
del del

0 4 bp 0
0 5 bp 5
6 … 0
2 … 4 DNA-PKcs 

+/-

3 … 18 del del
43 … 97 0 20 bp 0 Ku70+/- PKcs

-/-

60 … 94 1 … 0 del del
126 … 228 23 … 12 0 4 bp 0
352 23 bp 17 42 CT 112 11 4 bp 0
53 2 bp 379 56 … 100 3 CA 9

253 AGG 304 56 … 100 4 2 bp 12
256 … 339 52 GA 116 19 … 9
368 TT 246 177 CT 154 92 CCC 40
337 3 bp 293 268 AGCAC 187 DNA-PKCS

 -/- 80 … 62
746 … 296 173 5 bp 464 del del 73 GAGTGACC 69
352 18 bp 720 668 … 304 55 … 15 73 GAGTGGACC 69
369 5 bp 887 668 … 304 41 CCTT 81 179 GGCC 79
823 … 443 352 21 bp 823 105 GCCTTG 80 47 AGGGgAAAGAg 226
51 GGG 698 1030 G 302 148 … 41 189 CA 119

699 … 838 81 A 1735 47 AGGGaAAAGAG 226 311 CCC 39
1884 TG 4 90 7 bp 1735 142 CCTGGAAAG 267 268 AGCAC 187
352 93 bp 2355 757 2 bp 1088 144 CCTGGAA 267 341 CACCCCCA 1108
337 … 2428 764 4 bp 1085 676 AC 999 2186 116 bp 94

AVERAGE: 325 465 292 479 170 247 242 133
Total Deletion Average: 820 771 417 375

Total Deletion Median: 595 546 231 142
Percent Microhomology: 13% 20% 20% 33%

Percent Insertions: 27% 20% 0% 13%
Percent Perfect Joins: 23% 43% 73% 47%

ISce-1 Data
WT DNA-PKcs 

+/- DNA-PKcs 
-/- Ku70+/- PKcs

-/-

del del del del del del del del
2 … 0 2 … 0 4 … 2 2 … 0
2 … 0 2 … 0 6 … 1 2 … 0
3 … 0 4 … 0 5 … 5 2 … 0
4 … 0 2 … 5 7 162 bp 3 4 … 1
9 aAAGCTT 4 9 AAGCTT 5 6 AG 6 3 A 4
9 AAGCTT 5 15 … 0 9 aAAGCTT 4 5 … 3
9 155 bp 8 17 … 0 9 AAGCTT 5 7 TA 3

16 … 8 11 … 7 9 AAGCTT 5 4 … 6
16 6 bp 10 21 … 0 17 … 0 5 … 6
22 TGT 10 19 C 15 17 CA 13 17 … 0
41 AA 15 21 … 13 23 … 21 17 … 0
18 C 79 32 … 2 39 AGA 16 9 4 bp 14
58 97 bp 59 21 TT 35 10 1 bp 67 8 8 bp 18

259 CC 1 57 CC 46 60 … 47 22 … 16
168 T 145 163 C 0 26 CATGG 82 24 … 19
69 … 260 148 CTG 71 64 4 bp 49 19 C 28

168 AT 175 193 … 139 55 T 67 15 GTTTCtAAG 33
119 GG 315 4 … 330 114 TGGtTTC 31 48 C 19
388 35 bp 413 397 A 159 87 GAGTGACC 75 74 … 19
165 C 693 425 … 318 123 … 67 87 gGGAGTGACC 74
59 GGA 844 371 T 400 60 G 223 180 … 57

681 T 275 191 … 570 61 AGGGgAAAGAc 232 161 G 77
977 … 236 879 C 273 159 1 bp 208 158 CCTGGaA 134
525 TCA 788 879 … 274 206 GCAcAGGGc 208 288 GT 55
617 … 931 1229 GCTTG 7 249 T 167 6 4 bp 481

2179 … 491 1177 GA 324 331 … 275 388 T 305
2613 … 117 823 32 bp 835 11 C 602 195 … 614
1201 T 1773 754 … 1123 835 … 1093 641 CTTCCCAC 597
145 271 bp 4313 657 … 2361 2038 … 209 148 13 bp 1289
218 318 bp 4277 47 … 4431 135 92 bp 2361 2614 … 208

AVERAGE: 359 542 286 391 159 205 172 136
Total Deletion Average: 900 677 364 308

Total Deletion Median: 321 191 111 45
Percent Microhomology: 47% 37% 50% 37%

Percent Insertions: 20% 3% 17% 13%

* See Table 1 Discription
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Table 4*
HindIII Data

WT
del del

0 4 bp 0
0 5 bp 5
6 … 0
2 … 4 XLF-/-  + XLF pBabe
3 … 18 XLF+/- del del

43 … 97 del del 3 CA 9
60 … 94 110 CTTG 53 4 1 bp 11

126 … 228 138 GAA 56 15 ACA 8
352 23 bp 17 174 … 98 4 TGTTTCC 84
53 2 bp 379 3 CCA 405 356 … 41

253 AGG 304 253 AGG 304 450 GA 11
256 … 339 309 … 626 223 TT 240

368 TT 246 352 16 bp 885 XLF-/-
182 G 348

337 3 bp 293 255 TGA 1041 del del 515 … 305
746 … 296 488 … 958 0 7 bp 0 23 A 972
352 18 bp 720 688 TTCAaGT 941 0 29 bp 9 509 CTCAga 520
369 5 bp 887 828 32 bp 835 0 A 10 1151 C 129
823 … 443 1910 8 bp 181 0 29 bp 10 1455 49 bp 36
51 GGG 698 2242 C 2 4 11 bp 7 1701 1 bp 79

699 … 838 701 AACC 1580 8 TT 6 725 C 1801
1884 TG 4 719 4 bp 1745 823 … 443 817 T 2164
352 93 bp 2355 639 … 1883 341 CCA 1099 737 … 2432
337 … 2428 274 … 2293 2354 G 217 751 … 2438

AVERAGE: 325 465 593 817 392 200 535 646
Total Deletion Average: 820 1410 592 1181

Total Deletion Median: 595 1446 11 908
Percent Microhomology: 13% 27% 13% 37%

Percent Insertions: 27% 13% 13% 10%
Percent Perfect Joins: 23% 43% 70% 40%

ISce-1 Data
WT XLF +/- XLF-/-  + XLF pBabe

del del del del del del
2 … 0 2 … 0 0 … 0
2 … 0 4 … 0 2 … 0
3 … 0 4 … 0 XLF -/- 2 … 0
4 … 0 4 G 11 del del 2 … 0
9 aAAGCTT 4 17 A 6 0 2 bp 0 2 … 0
9 AAGCTT 5 36 … 0 1 1 bp 0 2 3 bp 0
9 155 bp 8 17 T 89 4 4 bp 0 4 4 bp 0

16 … 8 106 C 0 9 AAGCTT 5 14 1 bp 0
16 6 bp 10 119 11 bp 0 9 AAGCTT 5 18 4 bp 0
22 TGT 10 301 … 191 9 AAGCTT 5 4 … 26
41 AA 15 434 … 131 9 AAGCTT 5 29 A 4
18 C 79 366 16 bp 304 9 AAGCTT 5 31 … 4
58 97 bp 59 554 … 152 9 AAGCTT 5 55 CCTT 87

259 CC 1 100 CTGA 702 17 … 24 105 CCT 143
168 T 145 632 … 209 62 3 bp 85 248 C 0
69 … 260 90 6 bp 903 154 AG 6 193 2 bp 85

168 AT 175 353 C 691 87 GAGTGACC 75 192 6 bp 90
119 GG 315 521 A 662 187 3 bp 0 3 A 279
388 35 bp 413 1232 ATAGgC 387 366 16 bp 27 193 7 bp 90
165 C 693 87 C 1552 267 … 350 352 … 68
59 GGA 844 702 TTCaTGT 947 2 6 bp 619 194 AGGC 310

681 T 275 607 GG 1242 259 143 bp 502 356 … 209
977 … 236 838 3 bp 1093 708 … 311 118 10 bp 538
525 TCA 788 1608 … 391 101 TGGtCCTgCTG 1212 548 T 149
617 … 931 542 gAATA 1628 1193 361 bp 213 757 3 bp 250

2179 … 491 2037 … 208 543 … 958 349 … 932
2613 … 117 1040 3 bp 208 1705 A 210 868 … 415
1201 T 1773 193 … 2131 1280 AA 935 353 C 1324
145 271 bp 4313 208 … 2119 2292 … 214 2025 GG 187
218 318 bp 4277 787 … 1894 192 GAGGCCc 2447 127 C 2300

AVERAGE: 359 542 451 595 364 316 238 250
Total Deletion Average: 900 1080 680 488

Total Deletion Median: 321 917 175 263
Percent Microhomology: 47% 40% 40% 33%

Percent Insertions: 20% 17% 30% 30%

* See Table 1 Discription

164



Table 4*
HindIII Data

WT
del del

0 4 bp 0
0 5 bp 5
6 … 0 Lig IV+/-

2 … 4 del del
3 … 18 42 T 6

43 … 97 31 T 54
60 … 94 39 GA 62

126 … 228 87 TTCTG 63
352 23 bp 17 46 gcatAgGGaGAAAGAGg 202
53 2 bp 379 213 A 57

253 AGG 304 47 AGGGgAAAGAg 226
256 … 339 48 AGGGgAAAGA 226 Ku70+/- LigIV-/-

368 TT 246 50 AGGGGAAA 226 del del
337 3 bp 293 47 AAGAg 231 3 … 0
746 … 296 140 aggGgAAAGAg 226 LigIV-/- 4 TGTTTCC 84
352 18 bp 720 147 … 237 del del 80 … 62
369 5 bp 887 457 … 3 4 TGTTTCC 84 38 AGGGAAAAGAG 226
823 … 443 258 C 247 83 1 bp 79 0 … 320
51 GGG 698 137 … 525 70 184 bp 118 274 … 49

699 … 838 342 … 355 132 … 79 269 TGAGCA 145
1884 TG 4 551 AT 158 167 TTTCCC 86 336 CCCc 454
352 93 bp 2355 1030 G 302 192 GCAcAGGGc 202 29 TGCATTCT 1466
337 … 2428 333 … 1373 192 … 11 1100 CTA 728

AVERAGE: 325 465 213 252 120 94 213 353
Total Deletion Average: 820 464 243 567

Total Deletion Median: 595 278 211 326
Percent Microhomology: 13% 47% 10% 20%

Percent Insertions: 27% 0% 7% 0%
Percent Perfect Joins: 23% 37% 77% 67%

ISce-1 Data
WT Lig IV+/-

del del del del
2 … 0 0 … 0
2 … 0 0 … 0
3 … 0 1 1 bp 0
4 … 0 1 1 bp 0
9 aAAGCTT 4 2 … 0
9 AAGCTT 5 4 … 0
9 155 bp 8 4 G 7

16 … 8 4 G 11
16 6 bp 10 3 … 14
22 TGT 10 82 AC 18
41 AA 15 5 GG 103
18 C 79 88 … 54
58 97 bp 59 4 … 154 Ku70+/- LigIV-/-

259 CC 1 136 G 33 del del
168 T 145 192 … 65 3 … 0
69 … 260 191 1 bp 67 LigIV-/- 9 AAGCTT 5

168 AT 175 60 G 223 del del 17 … 0
119 GG 315 104 3 bp 243 2 … 0 18 CC 1
388 35 bp 413 293 … 129 9 AAGCTT 5 0 19 bp 43
165 C 693 366 18 bp 90 22 TGT 10 99 CCTTgTgaC 87
59 GGA 844 213 … 409 15 GTTTCcAAG 33 104 … 85

681 T 275 325 … 339 48 … 74 105 CCCT 95
977 … 236 228 CC 749 87 GAGTGACC 75 6 TAG 285
525 TCA 788 1010 … 19 241 14 bp 57 61 AGGGaAAAGAc 232
617 … 931 890 … 178 356 … 211 304 … 332

2179 … 491 17 CCA 1105 304 … 332 739 CcCtAAAGC 0
2613 … 117 351 CC 922 942 … 681 467 G 308
1201 T 1773 792 … 967 108 TCAgGGC 1726 682 … 310
145 271 bp 4313 1277 … 792 618 AAGaACT 1791 879 C 273
218 318 bp 4277 2320 TtTAT 384 229 416 879 26 bp 300

AVERAGE: 359 542 299 236 646 273 147
Total Deletion Average: 900 533 230 421

Total Deletion Median: 321 258 50% 246
Percent Microhomology: 47% 33% 0% 56%

Percent Insertions: 20% 17% 13%

* See Table 1 Discription
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CHAPTER V

CONCLUSIONS AND FUTURE DIRECTIONS
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Conclusion:
From our lab, we (78) have been able to inactivate one allele of the Ku70

gene in human somatic cell line, HCT116.  A second round of targeting to

inactivate the second allele demonstrated that Ku70 is an essential protein in

human cells since a clone null for Ku70 was never obtained.  In contrast, I was

able to repeatedly obtain clones in which the inactivated allele was once again

targeted (re-targeting events) (77). This data provides a compelling argument

that correct targeting of the second allele results in unviable null cells.  A similar

conclusion was reached earlier for the Ku86 gene (161). Also, our observations

are consistent with the fact that no mutation of the Ku70 gene in any human

patients has ever been reported.  This essential nature of Ku for humans and

human cells stands in stark contrast to that observed for mice and murine cells.

During the course of inactivating the second allele of Ku70 locus I found

that, reduced level of Ku70 proteins leads to higher frequency of rAAV mediated

gene targeting in human somatic cells. I used siRNA and shRNA mediated

knockdown strategy to reduce the Ku70 protein level in wild-type cells and

phenocopied the genetic observation that, reduced level of Ku indeed increases

the frequency of gene targeting. This finding will advance the somatic cell gene-

targeting field as well as the gene therapy approaches using homologous

recombination. In collaboration with Eu Han Lee, I am testing whether the DNA-

PKcs also has role in gene-targeting. In this project, in addition to genetic knock-

out and siRNA treated cells, we are using novel DNA-PKcs inhibitor to test the

absence of DNA-PKcs on gene-targeting. Successful use of DNA-PKcs inhibitor for

enhancing gene targeting frequency will allow us to apply the technique to a

variety of cell lines and will extend its application even in gene targeting in

embryonic stem cell.

The newly described XLF gene has been suggested to be a core factor of

C-NHEJ pathway (26), (4). To elucidate the role of XLF in human I generated

XLF deficient human somatic cells using rAAV technology. Primary
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characterization demonstrated that, XLF deficiency leads to significant growth

defect, severe DSB repair defects and V(D)J recombination defect suggesting

XLF is indeed a core C-NHEJ factor. Using an in vivo plasmid end-joining assay

and a novel microhomology assay we demonstrated, how XLF contributes to the

cellular end-joining pathways. I initiated works which in future should reveal the

exact function of XLF in the process of NHEJ. By using site-directed mutagenesis

I introduced point mutation in XLF cDNA to investigate the structure-function of

this new protein. I also investigated how mutaions in XLF affects its intracellular

localization.

It has been shown in other organisms that deficiency of C-NHEJ factors

activate the B-NHEJ pathway (133), (79), (334), (16), (106), (Wu, 2008 #9),

(108). Using a series of human knockout cell lines, I investigated, how the

deletion of Ku, DNA-PKcs, XLF and LIGIV affect the spectrum of end-joing in

human somatic cells. I used a well-characterized in vivo plasmid end joining

assay and an assay which estimate the microhomology use in vivo, to show that

the B-NHEJ pathway operates in absence of C-NHEJ. Absence of C-NHEJ

factors, DNA-PKcs, XLF and LIGIV, except Ku leads to severe repair defects. In

fact, our experiments showed that Ku is the master regulator of NHEJ pathway

choice. We sequenced the repaired junctions of the rescued plasmids from cells

and found that B-NHEJ pathway used microhomology predominantly for repair.

And we also found that Ku is important for protecting the DNA ends from

degradation.

In conclusion, my work elucidated important unknown functions of C-

NHEJ factors in human somatic cells.
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Future Directions
Generation of viable Ku70–null cells by expressing “floxed”

exons:
It will be impressive if we can generate Ku70 null cell line using a

conditional knockout approach. The Ku70 heterozygous cell line can be obtained

using a conditional targeting vector which contains sequences for the exons that

are being inactivated. This method has already been used with success in our

lab previously (Wang et al., unpublished data). The exons in the targeting vector

will be flanked by loxP sequences. After the first round of targeting the selection

cassette will be removed by Cre mediated recombination. This will make the first

allele wild-type for Ku70 since the deleted exon sequences is now present in the

arm of the targeting vector. A second round of targeting can now be carried out

with a conventional vector to inactivate the second allele. Finally the first allele

can be inactivated by another round of Cre recombination, which will take out the

exon sequences from the targeting vector. This cell line will be null for Ku70.

What is the impact of loss-of-function mutation of DNA-PKcs

gene on rAAV-mediated gene targeting?
Recently our lab has described, the construction-using rAAV-mediated

gene targeting-of human HCT116 cell lines that are wild-type, heterozygous or

null for DNA-PKcs expression (78). I used these 3 cell lines and subsequently

infected either with either with a rAAV knockout vector for Ku70 or CCR5. Each

of the vectors carried the NEO gene and thus productively infected cells became

G418-resistant. All of the G418- resistant colonies (generally 100 t0 200) were

then individually characterized for either random integration or correct integration

using PCR (77). In wild-type cells the frequency of correct gene targeting for

Ku70 was 0.7% and CCR5 1.2%. In DNA-PKcs
+/- cells, the frequency of targeting

increased to 5.5% and 6.5% respectively. In DNA-PKcs
-/- cells, the frequency of
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targeting increased even more, to 6.8% and 9.2%, respectively (data not shown).

This observation can be extended using siRNA against DNA-PKcs
 in wild-type

HCT116 cells.

As described above (77) I have been able to demonstrate that genetic

ablation of DNA-PK subunits results in enhanced rAAV-mediated gene targeting.

Unfortunately, we have also demonstrated that long-term deficiency in either Ku

or DNA-PKcs, leads to severe telomere disfunction (207), (245). Thus from a

practical point of view-and certainly from a clinical applicability point-of-view – the

inhibition of DNA-PK is of debatable significance. Instead, what one would like to

have available is a small molecule inhibitor of DNA-PK that an investigator could

transiently add to their cell line of choice to create a “window-of-opportunity” to do

enhanced rAAV-mediated gene targeting, and then remove the inhibitor so that

there weren’t any long-term detrimental effects to the cell line caused by the

suppression of DNA-PK. In collaboration with Eu Han Lee, I transiently inhibit

DNA-PK activity with the DNA-PKcs- specific inhibitor, NU7441 (150) in wild-type

HCT116 cells and infected with rAAV:CCR5 virus.  The G418-resistant cells that

resulted from this treatment showed 10.5% correct targeting in CCR5 locus. To

extend this observation, wild-type HCT116 cells can be treated with NU7441 and

other loci (e.g. Ku70, XLF) can be targeted to test the effect of DNA-PKcs

inhibition in gene-targeting in general. Moreover, So far I have able to show the

effect of DNA-PKcs
+/- inhibition in HCT116 cells. This approach would be more

practical if we can use this technique for gene-targeting by inhibiting DNA-PKcs
 in

other primary cells (e.g. RPE cells) or embryonic stem cells.

What is the role of XLF in NHEJ process?
C-NHEJ pathway is involved in V(D)J recombination, CSR and SHM in

mammalian cells. I have shown, using XLF-null cells that, deficiency of XLF

severely impair V(D)J recombination of an extrachromosomal substrate. To

extend this observation, XLF deficient cell lines and the lines over-expressing the
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wild-type or mutated XLF cDNA, can be used to investigate the role of XLF in

CSR and SMH.

What is the impact on CSR?
CSR is an interesting model of DNA DSB repair because recent reports

have demonstrated that B-NHEJ may play a significant role in the repair of CSR

broken ends (in contrast to the repair of IR-induced ends, where the impact of B-

NHEJ is negligible at best) (269), (321). Analysis of CSR in fibroblast is

conceptually identical to the assay we have used for V(D)J recombination. Our

laboratory has obtained plasmid SCI (µ,α) from the laboratory of Dr. Honjo (Fig.

1). This plasmid could be linearized and transfected into the XLF-null cells as

well as the cells lines expressing the wild-type or mutant XLF cDNA. Stable

clones can be selected with hygromycin (Hy Tk gene) resistance and single

integrants identified by Southern blotting. Cells can then be transiently

transfected with EF1α- AID expression vector (also a gift from Dr. Honjo). AID

catalyzes a CSR reaction between the Sµ and Sα regions of the vector and

results in a product which expresses CD8α :GFP fusion protein, whose

Figure 1. The structure of SCI(µ,α) and the substrate
following CSR. See text for details. This figure is excerpted
from Okazaki et al., 2002, Nature, 416:340.
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expression can be quantified by FACS (Fig. 1).To date, virtually all of the studies

on the impact of C-NHEJ gene mutations on CSR have been carried out in the

mouse, so the XLF study should be particularly interesting and informative.

Generation of XLF deficient Ramos cell line/ What is the impact of XLF
deficiency on SHM?
 SHM occurs constitutively in the Ramos cell line. Using rAAV-mediated

gene-targeting technology XLF gene can be deleted in Ramos cell line. XLF

deficient Ramos cell line can be used to test whether XLF has any role in SHM.

SHM altered the surface IgM positive phenotype of Ramos cells to negative due

to the SHM_mediated introduction of inactivating point mutations in the variable

portion of IgM locus (248).. This assay can be reverse by using a surface IgM

negative subclone of Ramos cell and analyze the frequency of appearance of

IgM positive cells that occur sue to SHM. Doing this assay in this reverse fashion

is logistically superior because only about 1% of the cells undergo SHM. Since

the screening is done by fluctuation analysis of FACS profiles using fluorescent

antibodies directed against surface IgM, it is much easier to score the 1%

positive cells against a null background than it is to quantitate the loss of 1% pf

the cells from a 100% positive background (115).

Intracellular localization of XLF:
One of the interesting results from my study is that wild-type XLF appears

to be predominately cytoplasmic and some of the XLF misssense mutations

(from XLF patient mutations) expressed in the XLF-null cell line appear to be

exclusively cytoplasmic. These data indicate that XLF may be a nucleo-

cytoplasmic shuttiling protein and that its activity could be coordinately regulated

by this process. So site-directed mutagenesis can be used with in vivo epitope-

tagged (pCherry) expression system to define either nuclear localization or

nuclear export signals in XLF. In addition, many of the factors that regulate
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nuclear:cytoplasmic shuttling have been identified (e.g. CRM1; (Fried, 2003

#993) and chemical inhibitors to these factors can be used to complement our

reverse genetic approaches.

B-NHEJ project:
The B-NHEJ pathway is poorly understood and all the B-NHEJ genes

remain to be identified. Nonetheless, most investigators would probably agree

that the three most compelling candidates to date are PARP-1, XRCC1 and

LIGIII (11), (215), (302). PARP-1, XRCC1 and LIGIII physically interact and exist

as a complex within cells (31), (32). PARP-1 is a highly abundant nuclear protein

that binds rapidly to DNA DSBs and catalyzes the transfer of ADP-ribose from its

substrate NAD+ to a variety of DNA repair factors, but mainly to itself (312).

PARP-1 has a well-documented role in single-stranded DNA repair (312),

whereas its potential role in DSB repair has only recently been appreciated (310).

Murine knockouts of PARP-1 are viable (303) although they show defects in

chromosome stability, especially when crossed into p53-deficient backgrounds

(50), (281). LigIII encodes two isoforms that differ at their C-termini, but LigIIIα,

which is constitutively bound to XRCC1, appears to be biologically more

important isoform. Murine knockouts of LigIII are not viable (230).  XRCC1 does

not contain any obvious enzymatic motif, but appears to serve as a scaffold into

which other proteins bind (31). In addition, it acts as a stability factor for LigIII, as

loss of XRCC1 expression is accompanied by reduced LigIII levels (175). Murine

knockouts of XRCC1 are not viable (278).

What is the role of PARP-1 in B-NHEJ?

A recent study from Illakis laboratory (302) has shown that inhibition of

PARP-1 activity in Ku- deficient hamster cell line and Lig IV-deficient murine cell

line decreases the DNA repair and suggested a role for PARP in B-NHEJ. I

showed that in human cell deficiency of C-NHEJ genes results repair defect

though the residual repair activity probably achieved using the B-NHEJ pathway.
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C-NHEJ defective cell line can be treated with PARP-1 inhibitor 3’-

aminobenzamide (3’-AB) or 1.5’- dihydroxyisoquinoline (DIQ) and the repair

activity can me monitored using the EGFP based in vivo plasmid end joining

assay.

Generation of B-NHEJ defective cell lines:
Using rAAV-mediated gene-targeting strategy human somatic cell lines

that are wither reduced or deficient for PARP-1, LIGIII, XRCC1 can be

generated. Based on the mouse model, it is predictable that PARP-1 null human

somatic cells might be viable whereas LIGIII and XRCC1 would be less likely to

be alive. In this event, it is possible to make conditional knockouts. If these cell

lines can be generated then these will serve as valuable tools for dissecting the

B-NHEJ pathway mechanism.
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