1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
DNA Repair (Amst). Author manuscript; available in PMC 2021 January 01.

-, HHS Public Access
«

Published in final edited form as:
DNA Repair (Amst). 2020 January ; 85: 102738. doi:10.1016/j.dnarep.2019.102738.

Absence of XRCC4 and its paralogs in human cells reveal
differences in outcomes for DNA repair and V(D)J recombination
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Abstract

The repair of DNA double-stranded breaks (DSBs) is an essential function performed by the
Classical Non-Homologous End-Joining (C-NHEJ) pathway in higher eukaryotes. C-NHEJ, in
fact, does double duty as it is also required for the repair of the intermediates formed during
lymphoid B- and T-cell recombination. Consequently, the failure to properly repair DSBs leads to
both genomic instability and immunodeficiency. A critical DSB protein required for C-NHEJ is
the DNA Ligase IV (LIGIV) accessory factor, X-Ray Cross Complementing 4 (XRCC4). XRCC4
is believed to stabilize LIGIV, participate in LIGIV activation, and to help tether the broken DSB
ends together. XRCC4's role in these processes has been muddied by the identification of two
additional XRCC4 paralogs, XRCC4-Like Factor (XLF), and Paralog of XRCC4 and XLF
(PAXX). The roles that these paralogs play in C-NHEJ is partially understood, but, in turn, has
itself been obscured by species-specific differences observed in the absence of one or the other
paralogs. In order to investigate the role(s) that XRCC4 may play, with or without XLF and/or
PAXX, in lymphoid variable(diversity)joining [V(D)J] recombination as well as in DNA DSB
repair in human somatic cells, we utilized gene targeting to inactivate the XRCC4 gene in both
parental and XLF HCT116 cells and then inactivated PAXX in those same cell lines. The loss of
XRCC4 expression by itself led, as anticipated, to increased sensitivity to DNA damaging agents
as well as an increased dependence on microhomology-mediated DNA repair whether in the
context of DSB repair or during V(D)J recombination. The additional loss of XLF in these cell
lines sensitized the cells even more whereas the presence or absence of PAXX was scarcely
negligible. These studies demonstrate that, of the three L1G4 accessory factor paralogs, the
absence of XRCC4 influences DNA repair and recombination the most in human cells.
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1. Introduction

The accurate repair of DNA DSBs is absolutely necessary for cellular survival and genomic
stability. Albeit rarer than most other types of DNA damage, DSBs can be caused not only
by exposure to exogenous agents such as ionizing radiation (IR) or chemotherapeutic
compounds, but they are also spontaneously created by endogenous processes [1] including
errors of DNA replication [2] as well as during V(D)J recombination and class switch
recombination, the latter two of which are required for lymphogenesis [3].

DSBs are especially pathologic because of their ability to induce chromosomal
translocations [4]. In order to protect the integrity of the genome from such occurrences,
mammalian cells utilize two main pathways to repair DSBs: homology dependent
recombination (HDR) and NHEJ. The repair of DSBs by the HDR pathway is predominately
error-free, but requires a non-damaged template from which to enact repair and thus is
usually only active in the late S or G2 phases of the cell cycle when an undamaged sister
chromatid may be available as a donor template [5]. Because most of the cells in a human
being are, however, non-cycling and thus never in S or G2 of the cell cycle, NHEJ is per
force the main pathway used for the repair of DSBs [6]. NHEJ consists of at least two
genetically and mechanistically distinct pathways: C-NHEJ, the predominant pathway, and
Alternative-EJ (aEJ), which appears primarily to be a back-up pathway [7]. The key proteins
involved in C-NHEJ include the Ku (Ku70 and Ku86) heterodimer, the catalytic subunit of
the DNA-dependent protein kinase complex (DNA-PK/PRKDC), Artemis, XRCC4, XLF/
Cernunnos (hereafter XLF), and LIGIV. For simple DNA DSBs, the DNA ends can likely be
rejoined by LIGIV alone [8,9]. However, if either one or both of the ends requires
processing first, then the entire complement of C-NHEJ factors is utilized in a three-step
process involving: /) recognition of the DSB, /i) processing of the DNA ends, and ultimately
/7)) DNA ligation [6]. The first step consists of detection of the DSB by the Ku (Ku70/Ku86)
heterodimer. Once bound to the ends, Ku recruits DNA-PK leading to the formation of the
DNA-PK holoenzyme that, upon autophosphorylation [10], undergoes a conformational
change that allows for the recruitment of the DNA end-processing enzymes including
Artemis, polynucleotide kinase/phosphatase, and/or DNA polymerases. Finally the
XRCC4:LIGIV complex ligates the processed broken ends back together.

In mammalian cells, in addition to DNA DSB repair, C-NHEJ is also required for V(D)J
recombination. V(D)J recombination is a process used by the immune system to generate
functional B-cell (immunoglobulin) and T-cell receptors [3,11]. Briefly, in lymphoid
progenitor cells, variable (V), diversity (D) and joining (J) segments are excised from three
loci on chromosomes 2, 14 and 22 and enzymatically recombined to generate genes capable
of encoding functional immunoglobulin or T-cell receptor proteins. V(D)J recombination is
a site-specific process that is facilitated by recombination signal sequences (RSS), which are
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comprised of conserved heptamer and nonomer sequences separated by non-conserved
spacer sequences of either 12 or 23 bp. During V(D)J recombination the proteins encoded by
the recombination activating genes-1 and -2 (RAGI and RAG2) form the RAG complex that
introduces nicks between individual V, D, or J coding sequences at the heptamer junction of
the 12- and 23- signals. This RAG-mediated cleavage produces two blunt 5’-phosphorylated
signal ends and two covalently-sealed (hairpin) coding ends. Subsequent joining of the
signal ends and coding ends by C-NHEJ forms both signal and coding joints. Although C-
NHEJ is required for V(D)J recombination, individual factors in the pathway can
preferentially influence the formation of either coding or signal joints. For example, both
DNA-PKs and Artemis are required significantly more for coding, rather than signal, joint
formation due to their hairpin opening activities [12]. In addition, ablating XRCC4's affinity
for XLF results in a reduction of coding joint but not signal joint formation [13].

XRCC4 was first characterized almost 25 years ago after it was identified as the factor that
complemented the DSB repair deficiencies in a hamster IR hypersensitive mutant cell line,
XR-1 [14,15]. Although XRCC4 has no apparent enzymatic activity, it is required for the
stabilization and activation of LIGIV [16,17]. A complete loss-of-function of XRCC4
appears to be exceedingly rare and has only been reported for a handful of patients afflicted
with microcephalic primordial dwarfism [18,19]. Relevantly, these patients (in contrast to,
say, LIGIV patients) do not have a recognizable immunological phenotype indicating that
genetic redundancy for XRCC4’s V(D)J recombination activity must exist 77 vivo.
Importantly, polymorphisms within the XRCC4 gene have been identified as causing
susceptibility to a bevy of cancers including bladder [20], breast [21], prostate,
hepatocellular carcinoma, lymphoma and multiple myeloma [22]. XLF/Cernunous was
identified through its association with patients exhibiting developmental anomalies, such as
microcephaly and (unlike XRCC4) immunodeficiency, as well as through its interaction with
XRCC4 [23,24]. XLF and XRCC4 share similar structural features including an N-terminal
head domain and a C-terminal coiled-coiled domain that is required for homodimerization
[25-27]. Importantly, cells lacking XLF exhibit impaired VV(D)J recombination using either
plasmid substrates [23,24,28] or chromosomal loci [29,30].

XRCC4 and XLF, besides homotypically interacting, can also interact with each other to
form a filamentous complex that extends along DNA. These filaments are thought to bridge
separate DNA molecules independently of LIGIV. It has been suggested that these filaments
enhance the ligation of DSBs by forming a scaffold that assists in synapsis of the broken
ends [31-36]. This modestly well-understood (albeit hypothetical) mechanism was
significantly complicated by the discovery of a third XRCC4-like paralog, PAXX [37-39].
PAXX appears to interact more with Ku than with either of its paralogs [37,38], but the role
of this protein in C-NHEJ and how functionally redundant it is with either XRCC4 or XLF
— especially in human cells — is still unclear although it seems likely that it is not via
filament formation [40].

In order to get a better understanding of how XRCC4 and its paralogs function in NHEJ, and
to examine how their loss affects DSB repair in general, we used recombinant adeno-
associated virus (rAAV)-mediated gene targeting to create both XRCC4~/~ and

XRCC4=: XLF'~ human HCT116 cell lines. Here we show that the absence of XRCC4
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leads to several pronounced phenotypes including increased sensitivity to the DNA-
damaging agents etoposide and IR, a decrease in overall DSB repair with a concomitant
increase in the use of aEJ. Moreover, we show that cells lacking XRCC4, XLF or both
factors, are not only unable to complete V(D)J recombination efficiently, but result in
disparate recombination configurations. Finally, we utilized clustered regularly interspersed
palindromic repeats (CRISPR)/CRISPR-associated 9 (Cas9)-mediated gene editing to
generate HCT116 cells lacking all three XRCC4 paralogs (XRCC4 = XLF=:pAXX ).
These cells were viable and demonstrated that, in human somatic cells, the presence or
absence of PAXX seems to have no detectable effect for C-NHEJ.

Materials and methods

2.1. Targeting vector construction

Construction of the pAAV-XRCC4 exon 4 neomycin resistance (Neo) targeting vector was
carried out by PCR followed by restriction enzyme digestion and subsequent DNA ligation.
Briefly, HCT116 genomic DNA was used as template for PCR reactions to create homology
arms flanking exon 4 of the XRCC4 locus. Primers used to create either the left or right
homology arms included XRCC4.3F1: 5’-ATACATACGCG
GCCGCGTAATGACCCCCAGAAAGGCAACC-3’, XRCC4.3 SaclIR: 5’-
TTATCCGCGGTGGAGCTCCAGCTTTTGTTCCCTTTAGAAAAGTAAATGACTACACA
TGAG-3’, XRCC4.3KpnF: 5’-
ATGGTACCCAATTCGCCCTATAGTGAGTCGTATTACTCCAAAATGTTA
CATAGTAAAATG-3’, and XRCC4.3R1: 5°-
ATACATACGCGGCCGCGTTTCTCTGCATTATTCCCTACAC-3’, XRCC4.3R: 5’-
CTTGGGCCACAGGAAAGAACAC-3". Fusion PCR was then performed using the left and
right homology arms that had been generated by PCR along with a Pvul restriction fragment
from a pNeDaKO vector to create a Notl-digestible vector fragment that was subsequently
ligated into pAAV-MCS.

Alternatively, a pAAV-XRCC4-Exon4Fusion-Neo vector was constructed for the purpose of
functionally inactivating XRCC4 in the X.LF/~ HCT116 cell line. Primers used to create
this targeting vector included fusXRCC4LarmF: 5°-
ATCGGCGGCCGCAGCGTGCACCACCATGTCTGGCTCAT-3', fusXRCC4LarmR: 5’-
GCATCGATCGGGCTTGATTTTC TGCAATGGTGTCCAAGCAATAAC-3’, XRfusNeo
Forward: 5’-
ATCGATCGATAACTTCGTATAGCATACATTATACGAAGTTATGCATGGCTGAACAAG
ATGG-3’, XRfusNeo Reverse: 5’-TACTCTCGAGCATACATATGCACAGTGGTAC-3’,
fusXRCC4RarmF: 5’-GCTACTCGAGAAATCAAGCCAAAAATGAGCACCTGC-3’,
fusXRCC4RarmR: 5’-ATCGGCGGCCGCCACCCAAGCTACAGATACAGGTCCAAG-3’.
PCR products were digested with the restriction enzymes Notl, and Pvul, or Xhol and
subsequently ligated into pAAV-MCS.

The targeted disruption of PAXX was accomplished using the CRISPR/Cas9 gene targeting
system [41]. A CRISPR guide sequence (5’-TGACCGACGCCGCGGAGCTT-3"), that was
complementary with exon 2 of the PAXX gene, was cloned into the PX458 CRISPR/
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Cas9:green fluorescent protein (GFP) vector. Transfected cells were sorted for GFP (/.e,
Cas9) expression and clones were subsequently isolated by single cell sub-cloning.

2.2. Viral production

rAAV-XRCC4 Exon 4 Neo virus or rAAV-XRCC4 FusionExon 4 Neo was generated using a
triple transfection strategy in which the targeting vector (8 pg) was mixed with pAAV-RC
and pAAV-helper (8 pig each) and was then transfected onto 4 x 108 AAV-293 cells using
Lipofectamine 2000 (Invitrogen). Virus was isolated from the AAV-293 cells 48 h later by
scraping the cells into 1 ml of media followed by three rounds of freeze/thawing in liquid
nitrogen.

2.3. Infections

HCT116 cells were grown to ~70 to 80% confluency on 6-well tissue culture plates. Fresh
media (1 ml) was added at least 30 min prior to the addition of virus. At that time, the
required amount of virus was added drop-wise to the plates. The cells and virus were
allowed to incubate for 2 h before adding back more media (3 ml). The infected cells were
then allowed to grow for 2 days before they were trypsinized and plated at 2000 cells per
well onto 96-well plates.

2.4. Isolation of genomic DNA and PCR

Genomic DNA for PCR was isolated using a PureGene DNA Purification Kit (Qiagen).
Cells were harvested from confluent wells of a 24-well tissue culture plate. DNA was
resuspended in 50 pL of a hydration solution, 2 L of which was used for each PCR
reaction. For targeting events produced from the XRCC4 Exon 4 Neo virus, a control PCR
was performed for the 3’-side of the targeted locus using the primer set RArmF 5’-
CGCCCTATAGTGAGTCGTATTAC-3” and XRCC4.4RR 5’-
ATACATACGCGGCCGCGTCTATACAGAGCAATCACAATGG-3" while correct targeting
was determined using RArmF and XRCC4.4ER 5’-
ATGGTTTCCTGATACACAGTTTGG-3". For the second round of targeting, a control PCR
for the 5°-side of the targeted locus was accomplished using the primer pair XRCC4.4.LF
5’-ATACATACGCGGCCGCAGCATAGCATAGCAGAATCTTGAC-3" and NeoR2 5’-
AAAGCGCCTCCCCTACCCGGTAGG-3" while correct targeting was determined by using
XRCC4.4EF2 5’-CTCTTCTACGGACTCAGTGCTACCAGC-3" and NeoR2. Alternatively,
for targeting events produced from the XRCC4 FusExon 4 Neo virus, PCR was performed
for the 5’-side of the targeted locus using the primer pair FusXRCC4-EF3 5’-
GTCCACTTCTCTCAAAGCTACCTGAC-3" and Neo-Revl 5’-
GAATAGCCTCTCCACCCAAGCGGCC-3’. For the second round of targeting, a PCR for
the 3’-side of the targeted locus was performed using the primer pair Neo Screen Fwd Mid
5’-CCAAGCGAAACATCGCATCGAGC-3" and FusXRCC4-ER3 5’-
CACACACACTGTTACAGCACAGGGTG-3'. Final XRCC4 exon 4 status for each allele
of correctly targeted clones was determined using the primer pair XRCC4 5°F1 5’-
GCTTAAAACCAGGCTTCTCAATCTTG-3" and XRCC4 3’'R15’-
TAAAGAGGGCTCCGTATTTTTATACC-3', each of which flank exon 4 of the XRCC4
locus. Screening primers for PAXX CRISPR/Cas9-GFP targeting included PAXX ScrF 5’-
TTCGTGTGCTACTGCGAAGG-3" and PAXX ScrR 5’-
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CACAGCTTGCTGCTCACAGG-3” or PAXX ScrF2 5°-
GAAGTCGTTCTTCCGCGCAG-3" and PAXX ScrR2 5’-GGAGAGGTCAAAGGC
CAGTG-3".

2.5. Immunoblotting

Proteins were subjected to electrophoresis in a 4-20% gradient acrylamide gel,
electroblotted onto a nylon membrane and detected using either ECL-Plus (GE Healthcare)
or by Licor. Antibodies used included mouse anti-XRCC4 (Origene TA500650), rabbit anti-
XLF, (Abcam ab126353), rabbit anti-LIGIV, mouse anti-B-catenin (Santa Cruz sc-7963),
mouse anti-p-tublin, rabbit anti-PAXX (Abcam, ab126353) and rabbit anti-Ku70 (Santa
Cruz sc-9033). Licor secondary antibodies included anti-rabbit IRDye 800CW 926-32213,
anti-mouse IRDye 680LT 926 68022 and rabbit anti-XLF IRDye 680LT 926-68021.

2.6. Gene targeting strategies

During both XRCC4!~ cell line constructions, each round of targeting was performed using
the same individual targeting vector. This fact necessitated that once a correctly targeted first
round clone was identified, the Neo selection cassette needed to be removed before
continuing with a second round of targeting. To this end, the inclusion of locus of crossover
for phage P1 (LoxP) sites flanking the drug selection cassette facilitated its removal by the
use of transient cyclization recombinase (Cre) expression. Briefly, the cells were transfected
with a pML-Cre expression plasmid using Lipofectamine LTX or by infecting the cells with
AdCre virus, after which they were plated at limited dilutions onto 10 cm dishes and allowed
to form colonies.

All PAXX!~ cell lines were created using CRISPR/Cas9-mediated gene targeting. The cell
lines targeted included, HCT116 WT, XRCC4™/=, XLF =, and the XLF '~ :XRCC4~ cell
lines. In all four cases, the cell lines were transfected with the PX458 PAXX CRISPR/
Cas9:GFP plasmid by electroporation using the Neon transfection system (Life
Technologies). Transfected cells were then sorted based on GFP expression and
subsequently plated for single cell isolation.

2.7. Etoposide sensitivity assay
For all cell lines including parental, XRCC4*/~, XRCC4™!~, and XRCC4™'~ complemented
cells, 3000 cells were plated in duplicate onto six-well plates containing 0, 0.025, 0.05, 0.1,
0.2, or 0.3 pM of etoposide. Cells were allowed to grow for ~ 10 days before the colonies
were fixed, stained, counted and the cell survival percentage was calculated.

2.8. X-ray survival assay

For each cell line, either 300, in the case of the parental and XRCC4"~ cells, or 3000, for
the XRCC4'~ and XRCC4™!~ complemented cells, were plated in duplicate in T25 flasks 24
h before irradiation. Cells were then irradiated using an RS2000 X-ray irradiator at doses of
0,0.2,05, 1.0, 2.5, and 5.0 Gray (Gy). After irradiation, cells were allowed to grow for ~ 10
days before the colonies were fixed, stained, and counted and cell survival percentage was
calculated.
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2.9. Gene targeting efficiency in XRCC4~/~ cells

To determine if the loss of XRCC4 confers higher relative gene targeting frequencies by
rAAV, three different loci were chosen. The loci targeted in XRCC4™/~ cells included exon 2
of the Artemis gene, exon 3 of the hypoxanthine-guanine phosphoribosyltransferase (HPRT)
gene and exon 6 of the phosphatidylinositol N-acetylglucosaminyl-transferase subunit A
(PIGA) gene [42].

For Artemisexon 2, a rAAV-Artemis-Neo virus with homology arms flanking exon 2 was
used for viral infection as detailed above. 120 G418-resistant single colonies were isolated
from 96-well plates and expanded to 24 well plates for isolation of genomic DNA. The
harvested DNA was then subjected to PCR to determine correct targeting using the primer
pair ZeoF2 5’-GCCGAGGAGCAGGACTGAATA-3” and Art2ER1 5’-
GTCACAGGTGACCAAAAAAAATTACTG-3" as well as confirming the presence of the
integrated vector using the primer pair Art2F-15’-
GAGCCACCATGTCCAACTGGTTTAG-3" and NeoR2 5’-
AAAGCGCCTCCCCTACCCGGTAGG-3’. Of the 120 clones initially picked, only 94
clones eventually grew well enough to undergo PCR screening. Of these 94, 81 were
confirmed to be positive for the vector by PCR. Five of these 81 were determined to be
correctly targeted; resulting in a relative targeting frequency of 6.2%. WT HCT116 cells
were treated similarly yielding a much lower targeting frequency; 3/176 correct targeting
events or a 1.7% relative targeting frequency.

Similarly, for HPRT exon 3, a rAAV-HPRT-Neo virus with homology arms flanking exon 3
was used. 120 G418-resistant single colonies were isolated from 96 well plates and
expanded to 24 well plates for isolation of genomic DNA which was then subjected to PCR
to determine correct targeting using the primer pair ZeoF2 and HPRT.3 ER3 5’-
GCTTATGGGTAGGAAGTAGTGTTATG-3" as well as confirming the presence of the
integrated vector using the primer pair ZeoF2 and HPRT.3 SbfIRR 5’-
ATACATACGCGGCCGCTTAAATGGCTGCCCAATCACCTGCAGGATTGATG-3'. Of
the 120 clones initially picked, only 98 clones grew well enough to undergo PCR screening.
Of these, 98 were confirmed to be positive for the vector by PCR of which only 1 was
determined to be correctly targeted; resulting in a relative targeting frequency of 1.0%. As a
control for this experiment, WT HCT116 cells were subjected to the same treatment yielding
similar results with 1/116 correct targeting events or a 0.8% relative targeting frequency.

Finally, for PIGA, 1 x 106 cells, in triplicate, were infected with rAAV-PIGA virus as
described [42]. Infected cells were plated without counting onto one 10 cm plate per
infection using 1 mg/ml G418 for selection. G418-resistant cells were allowed to form
colonies over a period of 12 days after which they were collected and fixed with 4%
paraformaldehyde. The fixed cells were then incubated with a FLAER antibody specific to
PIGA and analyzed by flow cytometry. As P/GA is located on the X-chromosome, any
correct gene-targeting events will result in the complete absence of PIGA protein on the cell
surface (since HCT116 were derived from a male and only have one X chromosome), the
absence of which corresponds to and can be quantitated by the decrease in FLAER signal.
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In vivo plasmid end-joining assay

The Jin vivo plasmid end-joining assay utilizing the pEGFP-Pem1-Ad2 plasmid has been
described [43-45]. Briefly, before transfection, the pEGFP-Pem1-Ad2 plasmid was digested
with either Hindlll, or 1-Scel restriction enzymes in order to generate distinctly different
reparable DNA ends. Parental HCT116, XRCC4%/~, XRCC4™!~, and complemented
XRCC47!= cells as well as XLF =, XLF'=: XRCC4Veo cells were transfected with either a
Hindlll-linearized, or an 1-Scel-linearized pEGFP-Pem1-Ad2 plasmid using Lipofectamine
2000 (Invitrogen) per the manufacturer’s instructions. To control for transfection efficiency,
a pCherry plasmid (Clontech) was co-transfected with the linearized pGFP-Pem1-Ad2
plasmid. Cells were allowed to repair the linearized plasmid for 24 h after which they were
harvested and either assayed for total repair by fluorescence-activated cell sorting (FACS)
analysis or used for recovery of the repaired plasmid. For FACS analysis, cells were
harvested, washed with 1X phosphate buffered saline (PBS) and analyzed directly with a BD
Biosciences FACSCalibur. As the total repair events is dependent on the humber of cells
successfully transfected with the pEGFP-Pem1-Ad2 plasmid, the ratio of cells that are both
red and green divided by the total number of red cells was determined for each transfection.
The final value for each mutant is reported as a percent repair compared to parental HCT116
cells. To assess the repair junctions produced during individual repair events, each cell line
was similarly transfected with either the Hindlll-, or I-Scel-linearized pEGFP-Pem1-Ad2
plasmid alone. 48 h later, the repaired plasmids were rescued from the human cells using a
Qiagen plasmid mini-prep kit. The recovered plasmids were then used to transform Max
efficiency DH5a cells (Invitrogen) and colonies were selected on LB plates containing 50
pg/ml kanamycin. To assess the overall use of microhomology mediated repair, Hindll1
restriction enzyme digestion on the Hindlll-restricted/repaired plasmids or on colony PCR
products produced using the primer pair GFP-F2 5’-GACGACGGCAACTACAAGACC-3’
and GFP-R2 5’-CGATGCCCTTCAGCTCGATG-3" was performed. DNA sequencing using
primers located upstream and downstream of the restriction enzyme recognition site (primer
sequences used are available upon request), allowed for precise repair junction examination.

Microhomology mediated repair end-joining assay

The microhomology mediated repair assay was performed as described [45,46]. Briefly, 3.2
ug of EcoRV and Afel restriction enzyme-digested pDVG94 was transfected into cells that
had been plated at 1 x 108 cells per well of a 6 well plate using Lipofectamine 2000
(Invitrogen) according to manufacturer’s directions. After transfection (48 h), repaired
plasmids were recovered from cells using a Qiagen plasmid mini-prep kit. Repair junctions
from recovered pDVG94 plasmids were PCR amplified using primers FM30 and DAR5
[46]. The resulting PCR products were restriction enzyme digested with BstXI and the
fragments, as well as any undigested products, were separated by polyacrylamide gel
electrophoresis using a 7.5% Ready gel (BioRad) in Tris/borate/EDTA (TBE) buffer. The gel
was then bathed in TBE containing 1X SYBR Gold (Invitrogen) in order to visualize the
products. The undigested (180 bp) and digested (120 bp and 60 bp) PCR products were
quantified using Quantity One 1-D Analysis Software (BioRad).
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2.12. V(D)J recombination repair assay

The V(D)J recombination assay was performed transiently using three V(D)J recombination
substrate plasmids; pGG49 (SJ reporter), pGG51 (CJ reporter) and pGG52 (Inversion/
Hybrid reporter), which were each co-transfected into target cells along with RAGZ and
RAGZ expression plasmids. The V(D)J recombination substrate plasmids were kindly
provided by Michael Lieber [47] while Jean-Pierre de Villartay provided the RAGI and
RAGZ co-expression plasmids [48]. Briefly, the RAGI and RAGZ plasmids were co-
transfected with each of the V(D)J reporter plasmids using Lipofectamine LTX into desired
cells in a 6-well format. The cells were allowed to grow 48 h post-transfection to enable
V(D)J recombination to occur. V(D)J recombined plasmids were recovered from each cell
line after transfection using a plasmid mini-prep kit. The recovered plasmids were then
subjected to Dpnl restriction enzyme digestion to remove non-replicated plasmids. This
DNA was then used to transform Max-efficiency DH5a E. coli that were then plated in
parallel on ampicillin (100 pg/ml) and ampicillin-chloramphenicol (100 pg/ml, 34 pg/ml)
plates. Colonies formed on the ampicillin plates measure the transformation efficiency while
the ampicillin-chloramphenicol plates measure the VV(D)J recombination events. In order to
examine the nature of individual repair events, colony PCR was performed using the primer
pair SCR21 and pGG51Reverse and the resulting products were sequenced using
pGG51Reverse.

3. Results

3.1. Generation of a homozygous XRCC4™~ HCT116 cell line

A XRCC4*/~HCT116 cell line was constructed utilizing a rAAV gene targeting vector that
was designed to replace exon 4 of the XRCC4 locus (Fig. 1A) with a LoxP-flanked (floxed)
Neo drug selection cassette (Fig. 1B). The XRCC4 gene is expressed from 8 exons on
chromosome 5 and the loss of exon 4, and subsequent splicing of exon 3 to exon 5, will
create a truncated protein that terminates immediately after the first amino acid encoded
from exon 5. Importantly, any residual protein that might be expressed will be lacking its
LIGIV interaction domain [49-51] and should be non-functional. The vector was generated
as described [52,53] with a 929 bp left homology arm and a 915 bp right homology arm with
a central floxed Neo drug selection cassette (Fig. 1B). Correct targeting of the XRCC4 locus
replaced exon 4 with the floxed Neo cassette resulting in cells resistant to G418 selection
(Fig. 1C and H). In order to use the same vector for the second round of targeting, it was
necessary that the Neo cassette be removed before proceeding (Fig. 1D). A XRCC4*/Neo
clone was therefore transiently exposed to the Cre recombinase via a pML-Cre transfection,
which resulted in the isolation of a XRCC4*/~ clone. This clone was then subjected to a
second round of targeting (Fig. 1E and H). Two independent clones were confirmed to be
null for XRCC4 (i.e., XRCC4Veo~; Fig. 1F and H). One of the clones was further sub-
cloned and then exposed to an adenoviral vector expressing Cre (AdCMV-Cre) in order to,
once again, remove the drug selection cassette (Fig. 1G and H) to generate a viable
XRCC4~ cell line. PCR analysis of each clone along with WT HCT116 and a XRCC4*/~
clone using primers that flank exon 4 confirmed that both alleles of XRCC4 had been
targeted (Fig. 1H).
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3.2. Complementation of XRCC4~/~ HCT116 cells

In order to show that the absence of XRCC4 was responsible for any subsequent phenotypes,
one of the XRCC4!~ clones was complemented using an XRCC4 cDNA expression vector
constructed in Dr. Mauro Modesti’s laboratory (INSERM, France) and kindly provided to us
by Dr. Katheryn Meek (Michigan State University, USA). Whole cell extracts from two
resulting clones, XRCC4 = XRCC4~4 and XRCC4 = XRCC4=5 along with WT, XRCC4*/,
XRCC4NEOQ~ and XRCC4'~ clones were used for western blot analyses. LIGIV is required
for the stability of XRCC4 (and vice versa), and therefore a whole cell extract from L/G/V
~I= cells [54] was used as an additional positive control. Cells lacking one copy of XRCC4
appeared to have only ~ 20% less XRCC4 compared to WT cells while, as expected, L/G/V
I~ cells resulted in a ~ 50% reduction of XRCC4 (Fig. 11). Importantly, both the
XRCC4Neo’~ and XRCC4'~ clones showed no detectable XRCC4 expression (Fig. 11, J,
and K) while the complemented clones #4 and #5 either expressed 2X more or less,
respectively, protein than WT cells (Fig. 1I).

3.3. Generation of homozygous XLF7/~:XRCC4*~, and XLF/~:XRCC4~/~ HCT116 cell lines

In order to carry out epistasis experiments, we generated XLF mutant cell lines that were
also mutant for XRCC4. To this end, a XLF /'~ clone [55] was targeted with an rAAV-
XRCC4-Exon4Fusion-Neo vector that introduced an in-frame Neo gene, which was also
flanked by two Lox P recombination sites, into exon 4 of the XRCC4 gene (Fig. 1E). In
contrast to the vector used to make the XRCC4~ cell line, which deleted Exon 4, correct
targeting with this vector resulted in the production of three clones containing a severely
truncated XRCC4:Neo fusion gene product that conferred G418 resistance. Successful
AdCMV-Cre treatment of one of these clones resulted in a XLF/=: XRCC4*/~ G418-
sensitive clone that was subsequently used for a second round of targeting using the same
XRCC4-Exon4Fusion-Neo vector. Two independent XLF '~ XRCC4Veo~ clones were
obtained (Fig. 1H). To confirm that correct targeting of XRCC4in the XLF '~ cell line
resulted in the loss of expression of XRCC4, western blot analysis was performed (Fig. 1J).
In contrast to XLF/~ cells, which expressed XRCC4 at WT levels, and XRCC4/~ cells,
which expressed XLF at near WT levels, each XLF'~: XRCC4ANe/~ cell line exhibited the
complete lack of expression of both proteins.

3.4. Generation of PAXX™, PAXX™/":XRCC4~/=, PAXX~:XLF~/~ and PAXX/~:XLF
~I=:XRCC4~/~ HCT116 cell lines

In order to complete our set of epistasis reagents, we next generated PAXX/~ cell lines in
four genetic backgrounds, including the parental HCT116, XRCC4 =, XLF!~, and XLF
~I= XRCC47~ cells utilizing the CRISPR/Cas9 gene targeting system. To this end, a
CRISPR guide sequence (5’-TGACCGACGCCGCGGAGCTT-3") that is specific to exon 2
of the PAXX gene was used to disrupt the gene. Successfully targeted HCT116 clones were
identified by PCR. Candidate clones were selected based on the presence of a PCR product
smaller than that produced from non-transfected HCT116 cells. Finally, the loss of PAXX
expression in each cell line was confirmed by western blot analysis (Fig. 1K).
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3.5. Biological endpoints for XRCC4-defective cell ines — DNA damage sensitivity

As XRCC4 is a key member of the C-NHEJ pathway it was expected and has been
repeatedly demonstrated that lowered levels of XRCC4 should lead to sensitivity to DNA
damaging agents [28,55-59]. In order to confirm this expectation in HCT116 cells, the cells
were exposed to either increasing levels of etoposide, a topoisomerase Il poison that induces
DNA DSBs [60], or to increasing doses of IR. As expected, in contrast to XRCC4%/~ cells,
which showed sensitivity to etoposide at levels nearly equivalent to wild-type (WT) cells,
XRCC47!= cells exhibited an extreme sensitivity to etoposide at levels greater than an order
of magnitude compared to WT cells (Fig. 2B). Interestingly, both low (#5) and high (#4)
levels of XRCC4 expression in XRCC4 = XRCCA4 complemented cell lines resulted in
complete suppression of the etoposide sensitivity. Similar to the etoposide sensitivity,
XRCC4~ cells displayed an extreme hypersensitivity to IR. The WT cell line had a D37
(the dose required to reduce survival to 37%) of ~ 2 Gy, the XRCC4 */~ cell line was ~ 1.5
Gy, whereas the XRCC47~ cell line was ~ 0.2 Gy (Fig. 2C). Both XRCC4/—XRCC4
complemented cell lines (#4 and #5) displayed significant complementation, with IR
sensitivities intermediate between WT and XRCC4*'~ levels (Fig. 2C).

3.6. NHEJ DNA repair activity in XRCC4-, XLF-, and PAXX-deficient cells

While the sensitivity of mammalian XRCC4-null cells to DNA damaging agents has been
well documented [28,55-59], the impact of the absence of XRCC4 on DSB repair activity
has not. Thus, to determine what effect the absence of XRCC4, XLF or PAXX have on
NHEJ, an extra-chromosomal assay consisting of a GFP reporter plasmid (pEGFP-Pem1-
Ad2) was used [43-45]. This plasmid allows for both the analysis of the relative repair
frequency as well as the visualization of individual repair events by subsequent DNA
sequencing. The plasmid contains an EGFP gene interrupted by a 2.4 kb intron derived from
the rat phosphatidylethanolamine methyltransferase 1 (PemI) gene that is interrupted by an
adenoviral (Ad2) exon, which itself is flanked on both sides with Hindlll and I-Scel
restriction enzyme recognition sites (Fig. 3A). In its unmodified form, the presence of an
adenoviral (Ad2) exon within the Pem1 intron prevents the expression of EGFP due to the
Ad2 exon being incorporated into the GFP mRNA (Fig. 3C). Upon digestion with either a
Hindlll or 1-Scel restriction enzyme, linearized plasmids lacking the Ad2 exon with either
compatible cohesive ends (HindlIl) or incompatible ends (I-Scel) are generated. While the
digestion of the Hindlll recognition sites results in cohesive 4-bp overlapping ends, the fact
that the 1-Scel sites have been arranged in an inverted orientation requires the processing of
the DNA ends before they can be rejoined (Fig. 3B). Importantly, both undigested and
partially digested plasmids will not contribute to the GFP positive readout for this assay as
any inclusion of the Ad2 exon will create mMRNAs with an interrupted EGFP coding region
(Fig. 3C). In addition, the introns spanning the Ad2 exon provide a substrate that can
undergo long-range resection events before losing the capability of expressing EGFP.
Therefore, the impact of the loss of XRCC4 expression on end joining can be assessed by
FACS analysis. In order to determine the repair efficiency, cells are co-transfected with a
pCherry expression vector that acts as a transfection control. The repair efficiency is
reported as a percentage of cherry-positive cells that are also green (i.e., repaired). Finally,
because the pEGFP-Pem1-Ad2 vector contains a Co/E1 bacterial origin of replication and a
kanamycin antibiotic resistance gene, repaired plasmids recovered from human cells can be
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efficiently rescued in £. coli. Subsequently, the resulting repair junctions can be determined
by DNA sequencing, allowing for the elucidation of the possible repair mechanisms used
during the repair event.

When parental (WT) HCT116 cells were transfected with either a HindlI1- or I-Scel-
linearized pEGFP-Pem1-Ad2 plasmid along with a pCherry transfection control plasmid, a
baseline level of doubly EGFP- and Cherry-positive cells was established by flow cytometry
(Fig. 3D). The loss of one copy of XRCC4 reduced the repair efficiency only slightly, while
in contrast, the complete loss of XRCC4 expression reduced the repair frequency by an
order of magnitude. Importantly, as had been observed with the DNA damage sensitivity
assays, the repair frequency for each XRCC4'~ complemented cell line was restored to near
WT levels (Fig. 3D). In addition, the absence of XLF also led to a marked reduction in
relative rejoining while the loss of both XLF and XRCC4 mirrored the results observed with
the single mutant XRCC4/~ cells. Somewhat unexpectedly, there was no major difference
in repair frequencies observed between the HindlIl- or I-Scel-digested plasmids (Fig. 3E)
suggesting that the configuration of the DSB ends had little effect on repair efficiency.
Interestingly, the absence of PAXX in all possible genetic backgrounds: /) alone, 77)
combined with XLAnull, /7)) combined with XRCC4-null or /V) combined with

XRCC4: XLFdoubly-null cells had no significant additional impact on the relative repair
efficiency of that cell line (Fig. S1). From these experiments we concluded that, in human
somatic cells, XRCC4 appeared to be the most important factor for C-NHEJ repair activity.
The absence of XLF also significantly negatively impacted C-NHEJ whereas the presence or
absence of PAXX appeared irrelevant.

In addition to the repair frequencies acquired by FACS analysis, the repair events were
characterized molecularly. For this analysis at least 30 plasmids were recovered from each
cell line encompassing multiple independent experiments. The Hindlll-linearized plasmid
contains 4 bp compatible overhangs that essentially constitute microhomology. If this
microhomology is utilized during the repair event, it will produce a plasmid that now
contains one, instead of the former two, HindlIlI sites. To determine this frequency of
“perfect joining”, 20 colony PCR products generated from recovered pEGFP-Pem1-Ad?2
plasmids for each cell line were subjected to Hindlll digestion (Fig. 4A). While the WT and
XRCC4"~ cell lines were able to perfectly rejoin the substrate 20% and 25% of the time,
respectively, the XRCC4 '~ cell line exhibited an increase to a frequency of 50% perfect
rejoining that indicated an increased dependence on microhomology-mediated repair (Fig.
4A). Interestingly, the XLF '~ and XLF=: XRCC4ANE/~ cell lines, appeared to be even more
dependent on microhomology than cells lacking XRCC4 alone as they exhibited perfect
joining frequencies of 70% and 75%, respectively.

Finally, for each cell line, at least 32 plasmids, recovered from non-digestible Hindlll repair
events as well as from I-Scel repair events, were sequenced (Tables S1 and S2, respectively).
The degree of microhomology-mediated repair, using 3 or more bp as the cutoff for defining
a microhomology-mediated end joining event [61], was strikingly increased in the
XRCC4=) XLF '~ as well as in the XLF=: XRCCANe/~ cell lines (Fig. 4B, Tables S1 and
S2). Indeed, while only 50% of the plasmid recovered from XRCC4-null cells showed
perfect rejoining (Fig. 4A), 100% of the plasmids recovered from the same cells used some
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degree of microhomology in their repair event and the length of microhomology was often
quite large (an average of 6 nt; Tables S1 and S2). Some regions of microhomology seemed
to be preferentially used for repair. For example, an eight bp sequence (GAGTGACC) was
used 33% of the time during the repair of HindlllI-linearized plasmids in XRCC4™~ cells
and 25% of the time in the case of I-Scel-restricted plasmids repaired in XLF

1= XRCCANEO!~ cells (Tables S1 and S2). While theoretically some of these events could
have been produced clonally while propagating the plasmids through E. coli, this possibility
was experimentally excluded as the plasmids were recovered from three completely separate
experiments, confirming their independent origins.

Unexpectedly, there appeared to be a bias in the symmetry with which the DSB ends were
resected; with the 5”-end of the linearized plasmid being resected somewhat more than the
3’-end in WT, XRCC4"~ and complemented XRCC4-null cell lines (Fig. S2A and S2B).
Interestingly, this asymmetry was by and large absent in the XRCC4-null, XLFnull and
XRCC4:XLFdouble-null cell lines. The mechanistic basis of this bias and its absence in the
mutant cell lines is not understood, but clearly may have to do with differential access by
nucleases to the DNA ends in the presence and absence of the XRCC4 paralogs. For each
repair event, the amount of resection symmetry was determined by subtracting the total 3’
resection from the total 5’ resection. Perfect symmetry was defined as having resection
events that were equidistant from the point of the initial resection and thus yielded a value of
zero. Repair events that were more asymmetrical on the 5’-side were given a positive value
while those on the 3’-side a negative value. Importantly, to eliminate any bias that may
arisen from the inclusion of clonally produced (either in HCT116 cells or in E. coli) repair
events, we included only unique repair events for this analysis (7.e., the four clones that
utilized the GAGTGACC microhomology — Table S1 — to facilitate their repair in
XRCC-4null cells were only counted as a single event). When the resection symmetry
values for the repair of the Hindll1-digested plasmid were thus assessed, it was clear that
XRCC4= (20%), XLF'~ (25%) and XLF=: XRCCANEO/~ (16%) cells had fewer
asymmetric events than any of the control cell lines (Fig. S2C).

Lastly, the resection events appeared to be somewhat biphasic, with the majority of events
falling within 300 bp of the DSB and the residual being quite large (> 1000 bp; note that the
plasmids were randomly recovered and not selected for and thus there was no biological
restraint on the extent of the deletions and as such some of the deletions removed the
promoter or the EGFP coding sequences). As each of these plots (Fig. S2A and S2B)
contained many repair events that lay close to zero, the total percent of clones that had a
resection symmetry less than or equal to 300 was determined (Fig. S2C). In agreement with
the previous results, both XRCC4~, XLF '~ and XLF '~ XRCCANe!~ cells displayed an
elevated amount of symmetrical repair events compared to WT and XRCC4"/~ cells.
Interestingly, a similar biphasic nature has been observed for deletions associated with
aberrant VV(D)J recombination events in murine DNA-PK-defective cells [62]. Whether these
in vivo observations are a reflection of the well-accepted biphasic mechanistic nature of
DSB end resection [63] is currently not clear.
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3.7. The loss of XRCC4 leads to an increase in aEJ microhomology-mediated repair
events in human somatic cells

In order to further examine the extent at which microhomology-mediated repair plays a role
in the repair of DSBs in XRCC4-null cells, we employed a second reporter plasmid
(pDVG94). This plasmid predominately detects aEJ repair events and allows the overall
efficiency of aEJ versus C-NHEJ to be determined [45,46]. pDVG94 contains both Afel and
EcoRV restriction enzyme sites that, when digested, results in a blunt-ended linear plasmid
with 6-bp repeats at both ends (Fig. 5A). C-NHEJ can repair this plasmid in multiple ways,
which result in the generation of many different repair junctions while in contrast aEJ almost
exclusively produces one product, which includes the use of microhnomology-mediated
repair to combine the two repeats into one and in the process of so doing generates a unique
BstXI restriction enzyme recognition site. PCR amplification of plasmids recovered after
repair using primers that flank the repair junction yield a ~ 180 bp product that is digestible
by BstXI if it was repaired using microhomology (Fig. 5B). Briefly, WT, XRCC4*/,
XRCC47=, and XRCC4!~ complemented cell lines were transfected with the linearized
pDVG94 plasmid. The repaired plasmids were recovered from the cells 48 h later, purified
and then used in a PCR reaction that generated the 180 bp product that included the repair
junction. The PCR products were then subjected to BstXI restriction enzyme digestion after
which they were electrophoresed along with the uncut product on a polyacrylamide gel and
visualized using SYBR Gold (Fig. 5C). The quantitation of two independent experiments
demonstrated that the WT HCT116 cell line as well as the XRCC4*~ and both XRCC4'~
complemented lines exhibited microhomology-mediated repair levels near 20%. In sharp
contrast, the XRCC4~ cell line showed ~90% microhomology use (Fig. 5C and 5D).
These results agree with those observed using the pEGFP-Pem1-Ad2 vector (Fig. 3,4, Tables
S1 and S2) and show that cells lacking XRCC4 are severely reduced in their ability to
perform C-NHEJ, but instead utilize an alternative pathway (aEJ) for DSB repair.

3.8. V(D)J recombination is impaired in XRCC4-deficient cells

XRCC4 is clearly required for lymphoid V(D)J recombination, however a detailed analysis
of the defects associated with the absence of XRCC4 in human cells has not been reported.
To address this deficiency, we utilized an extrachromosomal vector-based assay. In brief,
three plasmid vectors, pGG49, pGG51, and pGG52, which are able to detect signal joints,
coding joints, and inversion or hybrid joints, respectively [47], were utilized (Fig. 6A).
Importantly, for each vector, two V(D)J RSSs flank a premature prokaryotic transcription
terminator (stop) that prevents the expression of chloramphenicol (Cam) unless it is removed
by V(D)J recombination. Each RSS pair is oriented such that they will form the indicated
joins upon successful V(D)J recombination. In addition to the chloramphenicol resistance
gene, these plasmids also contain an ampicillin (Amp) resistance gene that allows for a
determination of VV(D)J recombination frequencies by transforming £. coli with reporter
plasmids recovered from the human cells, and plating the bacteria onto both Amp and Amp
+ Cam selection plates. The V(D)J recombination frequency for each cell line is determined
by dividing the total number of colonies formed on Amp + Cam plates by the number of
colonies formed on the Amp plates. As HCT116 cells do not express the RAG proteins that
are necessary for recognizing and cleaving the recombination signal sequences two
additional plasmids, pRagl and pRag2, were co-transfected into target cells along with each
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of the individual VV(D)J assay vectors. For each cell line tested, at least three independent
transfections were performed.

When this assay was performed on parental HCT116 cells, a baseline average level of 0.19%
SJ, 0.22% CJ, and 0.04% Inv/Hyb joint repair efficiency was observed (Fig. 6B). In sharp
contrast, the XRCC4~ cell line yielded dramatically reduced repair efficiencies exhibiting
an average of 0.002% SJ, 0.02% CJ, and 0.006% Inv/Hyb joints or relative recombination
frequencies of 1%, 9% and 13%, respectively (Fig. 6B). In addition to the marked decrease
in repair efficiencies seen between WT and XRCC4'~ cells, when 30 random WT and 40
random XRCC4™'~ Inv/Hyb repair events were sequenced, the overall ratio of Inversion/
Hybrid joint formation was strikingly different with WT cells producing 76% inversion
joints and 24% hybrid joints while XRCC4 '~ cells produced only 10% inversion joints and
90% hybrid joints. As a control, XLF /= cells were, as expected [55], highly V(D)J defective
with average repair efficiencies of 0.009% SJ, 0.001% CJ, and 0.0% Inv/Hyb joint repair
yielding relative repair efficiencies of 5%, 1%, and 0%, respectively (Fig. 6B). Impressively,
even though the single knockout cell lines carried out only very low levels of V(D)J
recombination, the XLF/~: XRCCANe°~ double knockout cell line was reduced by yet at
least another order of magnitude for both SJ (0.0002%) and CJ (0.0001%) formation
resulting in relative repair efficiencies of 0.1% for both repair substrates (Fig. 6C).

A sequence analysis of V(D)J recombination repair junctions revealed striking differences
between XRCC4-, XL and XLF. XRCC4- doubly-deficient cells. During V(D)J
recombination RAGL1 cleaves the RSS at the 5’ end of the heptameric sequence, 5’-
CACAGTG-3’. Sequenced repair junctions producing signal joints, coding joints, as well as
both inversion and hybrid joints can therefore be aligned in comparison to the starting un-
cleaved substrate to identify nts lost during the rearrangement process (Fig. S3, S4, S5 and
S6). Signal joints are formed by the direct joining of these sequences leading to the
production of a unique ApaLl restriction enzyme recognition site, 5>-GTGCAC-3’.
Therefore, when examining signal joints, the PCR products were first assessed by digestion
with ApaLl. The parental (WT) HCT116 cells displayed 100% ApaLl sensitivity and were
thus inferred to represent perfect signal joining (40 samples, Fig. S3). Three of these were
randomly sequenced and confirmed to be perfect signal joints. The XRCC4™~ cell line, in
contrast, not only produced no perfect signal joints, but displayed some evidence of
microhomology-based repair with significant resection seen in almost all of the 47 samples
examined (Fig. S3). Surprisingly, the XLF/~ cell line more closely resembled the parental
cell line with a perfect signal joint frequency of 63% and a predominance of shorter
resection than seen in XRCC4 '~ cells (Fig. S3). The frequency of V(D)J recombination was
so low in the XLF = : XRCCANe~ double-knockout cell line that only a single signal joint
was recovered and this showed significant resection and the use of microhomology.

Coding joints form the functional basis of antibody specificity. Parental HCT116 cells
displayed a wide variety of repair junctions with 21 (62%) unique junctions out of 34
plasmids sequenced (Fig. S4). Similar to the results seen when examining signal joints, the
XRCC4~ cell line displayed evidence for the use of microhomology-mediated repair with
11 (48%) of the 23 coding joints examined being the same microhomology-mediated repair
event. Moreover, the number of nucleotides deleted during coding end formation was biased
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toward larger deletions in the XRCC4/~ cells than in the WT cells (Fig. 6D). Similar results
were observed with the limited amount of clones recovered from both the XLF /'~ and XLF
1= XRCCMNE~ cell lines.

When the RSSs are arranged such that neither signal nor coding joints can be formed, two
outcomes are possible: either the intervening sequence can be inverted, resulting in an
inversion joint, or the intervening sequence is removed and the 5’ coding junction is ligated
to the 3" signal junction resulting in a hybrid joint (Fig. 6A). When V(D)J recombined
inversion/hybrid joint reporter plasmids were recovered from WT cells, 23 of 30 were found
to contain inversions while the remaining 7 were hybrid joints yielding an approximately 3:1
inversion/hybrid ratio (Fig. S5, S6). Conversely, when the same repair events were examined
in XRCC4'~ cells only 4 of 40 plasmids could be verified to be inversions yielding a 1:10
inversion/hybrid ratio (Fig. S5, S6). Subsequent sequencing of the junctions formed in each
cell line revealed sharp differences in their ability to repair these recombination events. WT
HCT116 cells displayed a variety of different inversion joints with two out of 15 appearing
to be produced using two base pairs of microhomology, one of which was recovered three
independent times (Fig. S5). In contrast, only two different inversional repair events were
recovered from the XRCC4/~ cells. Each contained either 2 or 6 bp of microhomology, the
latter of which was recovered three times (Fig. S5). Interestingly, the signal junction in both
of these clones was unexpectedly perfect. Similarly, the hybrid joints produced in WT cells
revealed that very little resection occurred before the ends were ligated. However, the hybrid
joints recovered from the XRCC4 '~ cells were all resected well beyond the RSS that is
normally ligated bluntly to the coding joint (Fig. S6). From these data, we concluded that the
absence of XRCC4 is more deleterious than the absence of XLF and that virtually all of the
V(D)J recombination products formed in XRCC4-null cells are aberrant with extensive
deletions and a high use of microhomology.

3.9. The loss of XRCC4 leads to a variable impact on rAAV-mediated gene targeting

As the absence of efficient C-NHEJ activity due to an absence of Ku is associated with
increased gene targeting [64], we thought that cells lacking XRCC4 may also exhibit a
similar phenotype. To test this hypothesis, rAAV-mediated gene targeting vectors were used
to target three different genes including exon 2 of the Artemis gene located on chromosome
10, exon 3 of the HPRT gene located on the X chromosome and finally exon 6 of P/GA also
located on the X chromosome. For both the Artemisand HPRT genes, a standard method of
gene targeting frequency determination was employed. Briefly, cells were infected with the
rAAV vector of choice followed by drug selection that would allow only those cells infected
by the rAAV targeting vector to grow into colonies. As rAAV-mediated gene targeting can
result in random targeting as well as targeting at the desired locus, the number of correct
targeting events can be determined by the use of a PCR-based screen using primers specific
for the targeting vectors and genomic flanking primers. When the Arfemis gene was
targeted, XRCC4™/~ HCT116 cells exhibited a 3.5-fold increase in gene targeting compared
to WT cells (Fig. 7). In contrast, when the HPRT gene was targeted, there was no statistical
increase in gene targeting observed in the XRCC4-deficient cells (Fig. 7). Finally, the gene
targeting frequency was actually reduced ~ 2-fold in XRCC4-null cells when the P/GA gene
was targeted (Fig. 7). Altogether, these results demonstrate that, unlike Ku-deficient cells,
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where gene targeting is uniformly elevated [64], XRCC4-deficient cells do not show
increased frequencies of rAAV-mediated gene targeting.

4. Discussion

4.1. A human somatic cell model for the absence of XRCC4

Human C-NHEJ has been rather exhaustively studied in either patient-derived or
immortalized cancer cell lines genetically engineered to contain loss-of-function mutations.
One exception to this is the C-NHEJ factor, XRCC4. One of the reasons for this is that
XRCC4 mutant patients present with dwarfism or encephalocardiomyopathy [18,19]. This is
in stark contrast to almost all of the other described C-NHEJ mutant human patients [6],
who generally present with some form of radiation sensitive-severe combined immune
deficiency (RS-SCID). As a consequence, there have been almost no published reports
utilizing XRCC4 patient-derived cell lines. Similarly, there have been only a few
descriptions of somatic human cancer cells engineered to lack the expression of XRCC4:
these include HCT116 [28,45,56], 293 T [57] and HAP1 [58,59] cell lines. However, in all
of these publications, virtually the only phenotype that has been characterized has been
sensitivity to DNA damaging agents. The lack of the expected phenotypes in patient-derived
cell lines and the paucity of somatic cell models prompted us to establish a XRCC4 loss-of-
function mutation in the HCT116 cell line.

4.2. XRCC4-null cells display defective C-NHEJ and a greatly increased dependence on
microhomology-mediated repair

We have, to our knowledge, carried out the first extensive analysis of the impact of the
absence of human XRCC4 on C-NHEJ (Fig. 3, 4B, S1, S2, Table S1, S2), aEJ (Fig. 4A,5)
and V(D)J recombination (Fig. 6, S3-S6). These studies demonstrate that the absence of
XRCCA4 virtually abrogates C-NHEJ activity and V(D)J recombination and as such
effectively phenocopies L/G/V-null cells [54,65], which had previously been the most useful
experimental human C-NHEJ-defective cell line. Although many aspects of the residual
XRCC4-null DSB repair phenotypes were interesting, we would like to emphasize two
features here: 1) the reliance on microhomology, and 2) the completely inverted asymmetry
between inversions and hybrid joint formation during V(D)J recombination.

The use of microhomology in residual DSB repair events in XRCC4-null cells was
characterized using two experimental approaches: either by providing pre-formed
microhomology at the ends of the DSBs (Hindlll-restricted pEGFP-Pem1-Ad2 or linearized
pDVG94) or by sequencing the resulting junctions when non-homologous ends (I-Scel-
restricted pPEGFP-Pem1-Ad2 and all VV(D)J recombination products) were provided.
Impressively, regardless of whether there existed pre-formed terminal microhomology or
not, virtually every XRCC4-null DSB repair event utilized some amount of microhomology,
especially when DSB repair was assessed. Importantly, the laboratory of Jeremy Stark has
recently elegantly defined the use of 3 or more nts of microhomology as evidence of (albeit
not proof of) aEJ usage whereas 1 or 2 nts of microhomology can still be consistent with C-
NHEJ [61]. In virtually of the junctions formed in XRCC4-null cells at least 3 nt of
microhomology was observed (Tables S1, S2, Fig. S3). Thus, it seems likely that the loss of
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XRCC4, like that of Ku [45] and LIGIV [54,65], essentially ablates C-NHEJ and forces the
cell to utilize aEJ to perform end joining. This abrogation of C-NHEJ stands in contrast to
the loss of either DNA-PKs or XLF; where the loss of either of these factors drastically
impairs C-NHEJ, but does not ablate it ([66], Fig. 3). The simplest interpretation of these
data is that without the C-NHEJ end-binding factor (Ku) or the C-NHEJ ligation complex
(XRCC4 and LIGIV), repair intermediates are ultimately repaired by the aEJ pathway. This
“either/or” model is, however, likely overly simplistic. Thus, while it is true that the absence
of human XRCC4 reduces the frequency of chromosomal translocations [67] and increases
the use of microhomology found at the residual translocations [68] the absence of LIGIII
and LIGIV (which, theoretically should ablate both aEJ and C-NHEJ) still permits
translocations with microhomology-mediated junctions [69]. Thus, human cells may very
well contain an additional pathway(s) of end joining besides the two well-recognized
pathways of C-NHEJ and aEJ and this pathway(s) may also rely on microhomology.

Wild type cells presented with a V/(D)J recombination substrate that can undergo inversion,
will, as expected, invert those sequences the majority of the time. Occasionally, the ends can
become mis-sorted and a hybrid junction (which is a biologically non-functional
recombination product) results instead. When V/(D)J inversion/hybrid joint reporter plasmids
were recovered from WT cells, they showed a 3:1 inversion/hybrid ratio (Fig. S5, S6). In
sharp contrast, when the same repair events were examined in XRCC4~ cells the frequency
of inversions to hybrid joints was heavily skewed in a 1:10 inversion/hybrid ratio (Fig. S5,
S6). We interpret this data as some of the strongest evidence for a role of XRCC4 in
bridging DNA molecules. Thus, a productive inversional rearrangement requires that all 4
DNA ends, the RAG proteins and the C-NHEJ repair proteins exist in a synaptic complex
[11]. In this configuration, a coding end is joined to another coding end and the two RSS
ends are joined together. If the synaptic complex is somehow disturbed, a coding end can
aberrantly join toRSS end forming a hybrid junction [70]. Thus, the 30-fold increase in
hybrid junction formation strongly suggests that the RAG:DNA synaptic complex cannot be
properly formed in XRCC4-null cells. While other mechanisms are possible, we propose
that XRCC4's ability to form filaments (alone or in conjunction with XLF) is critical for the
assembly or maintenance of the synaptic complex. Thus, in the absence of XRCC4, the
V/(D)J DNA ends within the aberrant complex can now incorrectly be resorted at a much
higher frequency.

4.3. XRCC4-null cells do not display an increase in gene targeting frequency

Gene targeting (aka, precision genome engineering) requires the use of HDR to replace or
alter genomic sequences with DNA sequences of the investigator’s choosing [71]. It is
intuitively appealing to believe, and has been repeatedly proposed, that the various cellular
DSB repair pathways may compete for the ends of the donor and/or the recipient DNA and
thus influence the frequency with which gene targeting can occur [72]. A corollary of this
hypothesis is that if the competing pathways of C-NHEJ and/or aEJ were disrupted, then
HDR factors should have unimpeded access to the DNA ends and so greatly augment the
gene targeting process. In the case of the absence of Ku, this turns out to be true.
Filamentous fungi, which normally carry out only low or modest levels of gene targeting,
perform gene targeting at ~100% in the absence of Ku [73-77]. Moreover, human cells with
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significantly reduced levels of Ku (the complete absence of Ku is lethal in humans [78];)
also show highly elevated rates of gene targeting [64]. This attribute, however, is clearly not
provided by the complete absence of XRCC4. While gene targeting was 4-fold elevated at
the Artemislocus, it was unchanged at the HPRT locus and even reduced at the P/GA locus
when XRCC4-null cells were compared to the parental HCT116 cell line (Fig. 7). This
observation is consistent with the small (2-fold) increase in gene targeting observed with
L/GIV-null cells [54] and a similar lack of a positive effect on gene targeting in XL~
heterozygous cells [55].

The most parsimonious interpretation of these results is that the fate of DNA ends in human
cells is predominately determined by the proximal DNA end binding factor, Ku. When Ku
binds a DNA end it shunts it into the C-NHEJ repair pathway. In Ku’s absence, other DNA
end binding factors — presumably HDR-relevant factors — can instead bind and force the
ends into the HDR pathway [79-81]. In contrast, in the absence of other C-NHEJ factors
(LIGIV, XLF and XRCC4), Ku is still present and it presumably (and futilely) still tries to
shunt the DNA ends down the now inactivated C-NHEJ pathway. This non-functional
sequestration of the ends does not, therefore, enhance the number of ends available for HDR
and no increase in gene targeting is observed. Altogether, these studies strongly suggest that
small molecule inhibitors to Ku would be the most efficacious way forward in enhancing
gene targeting in human cells.

4.4. XRCC4 paralogs are not created equal

There are three XRCC4 paralogs (XRCC4, XLF and PAXX) that are structurally related
[26,37-39]. Moreaver, there is significant precedent in biology for paralogs providing
functional redundancy for one another (e.g. in tubulin and actin gene families). This is
certainly the case with the XRCC4 paralogs as well. Thus, for example, while XLFand
PAXX-null mice are viable, a double knockout mouse is not [59,82] strongly suggesting that
the two proteins can, at some level, compensate for one another. With that said, the paralogs
are also clearly not equivalent in terms of their contribution to cellular viability, DNA DSB
repair activity nor even V(D)J recombination capacity in the mouse [29,30,57,59,82,83] and
in human cells [28,57]. In our HCT116 human somatic cell system, the loss of XRCC4 and
XLF nearly equivalently reduced the frequency of VV(D)J recombination by 2 orders of
magnitude over wild type cells (Fig. 6). Nonetheless, there were distinct differences between
these cell lines. Thus, XRCC4-null cells seemed to be less capable of forming signal
junctions whereas XL /~null cells were less capable of forming coding junctions (Fig. 6, S3
and S4). Perhaps not surprisingly then, the doubly mutant XRCC4:XLFnull cells were
reduced by another order of magnitude over each single mutant for both reactions,
demonstrating that there are at least some recombination events for which these factors are
redundant. In terms of C-NHEJ DSB repair activity, there was a clearer hierarchy between
the factors. Thus, the loss of XRCC4 was in all instances, the most deleterious and the
residual repair demonstrated an almost complete reliance on microhomology (Fig. 3, S1,
Tables S1, S2). The loss of XLF, however, while clearly detrimental, still allowed for a
modest level of repair activity and showed a corresponding reduced reliance on
microhomology. In contrast, the loss of PAXX had almost no impact on C-NHEJ activity;
either by itself or in combination with the loss of either XRCC4, XLF or both (Fig. S1).
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Thus, in human HCT116 cells the apparent importance of the XRCC4 paralogs is XRCC4 >
XLF > > > PAXX.

Homodimers of XRCC4 and XLF can physically interact and have been proposed to form
filaments that hold or bridge the ends of a DSB together to facilitate repair [28,31,32,34—
36,49,84,85]. If this was the proteins’ only function, however, then the individual knockouts
should phenocopy each other — and they don’t; neither in mouse models nor in human
somatic cell models. Instead, we suggest that as the partner and stabilizer of LIGIV, XRCC4
plays a more significant role because there is at least a subset of repair and recombination
events that need little to no processing [8,9,86] and thus have no requirement for bridging
and therefore XLF. This hypothesis is consistent with recent in vitro work, which
demonstrated an absolute requirement for XRCC4 and a more auxiliary role for XLF in
synapsis [40]. For the majority of repair events, however, some form of processing is likely
required at either one or both ends. For these repair events, we envision that XRCC4:XLF
filaments/sleeves are required to hold the ends in close proximity while the processing is
occurring and to subsequently facilitate the ligation reaction. This model posits no role for
PAXX, which is consistent with its lack of contribution to any phenotypes that we
investigated. There is no experimental evidence to suggest that PAXX interacts with or is
required for LIGIV activity nor is there evidence for its ability to form filaments either with
XRCC4, XLF or XRCC4:XLF [40]. Thus, it seems apparent that PAXX likely functions in a
mechanistically distinct manner from XRCC4 and XLF. To date, the one biochemical role
ascribed to PAXX is its ability to physically interact with Ku [29,37-39,57]. What the
PAXX interaction does biochemically to Ku is unknown but it has been suggested that it
promotes Ku’s accumulation at DNA ends [87]. Superficially, this would seem unlikely
since Ku is highly abundant and has an extremely high affinity for DNA ends and
consequently likely needs no assistance in DNA end binding. However, it is certainly
possible that there are a minority of DNA ends that have a unique structure such that they
are no longer good DNA substrates for Ku binding. We posit that these rare “special” ends
may require PAXX to facilitate Ku binding (which, in turn, subsequently permits the
processing and repair of that end). This model would explain why the absence of PAXX
seems to have a negligible effect in virtually every DNA repair assay where it has been
tested, but seems to have an impact /n vivo. In vitro assays invariably utilize canonical DNA
repair substrates with “clean” pre-cleaved ends whereas /7 vivo, special ends may have a
chance to be formed, even if only rarely.

In conclusion, these experiments have revealed similarities and some striking differences
between XRCC4 paralog mutant cell lines. These cell lines will be powerful tools for
studying both XRCC4 paralog patient mutations as well as determining how these paralogs
differ in their contributions to cellular DNA repair and recombination pathways.
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Cas9
C-NHEJ
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CRISPR

DNA-PK/PRKDC

DSBs
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GFP
Gy
HDR
HPRT
IR

Ku
LIGIV
LoxP

Neo

PAXX
PBS

PEM1

adenovirus 2

alternative end joining
CRISPR-associated 9

classic non-homologous end joining

cyclization recombinase

clustered regularly interspersed palindromic repeats

catalytic subunit of the DNA-dependent protein kinase
complex/protein kinase DNA-activated, catalytic subunit

double-stranded breaks
fluorescence-activated cell sort
LoxP-flanked

green fluorescent protein

gray

homology dependent recombination
hypoxanthine-guanine phosphoribosyltransferase
ionizing radiation

Ku70 and Ku86 heterodimer

DNA ligase IV

locus of crossover for phage P1
neomycin phosphotransferase
palindromic

paralog of XRCC4 and XLF
phosphate buffered saline

phosphatidylethanolamine methyltransferase 1
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PIGA phosphatidylinositol N-acetylglucosaminyltransferase
subunit A
rAAV recombinant adeno-associated virus
RAG-1 recombination activating gene-1
RAG-2 recombination activating gene-2
RSS recombination signal sequence
RS-SCID radiation sensitive-severe combined immune deficient
TBE tris/borate/EDTA
V(D)J variable(diversity)joining recombination
XLF XRCC4-like factor
XRCC4 X-ray cross complementing 4
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Fig. 1.

Generation of XRCC4 +/-, XRCC4-/-, and XLF-/-:XRCC4-/- HCT116 cell lines.(A) A
diagram representing a partial XRCC4 genomic locus in the HCT116 cell line. Exons are
shown (not to scale) as red (5’ and 3’ untranslated regions) or green (coding sequence)
colored rectangles. (B) A diagram of the XRCC4 exon 4 Neo rAAV targeting vector. The
left and right homology arms (Left HA and Right HA, respectively) used for facilitating
HDR between the targeting vector and the genomic locus are shown as blue rectangles.
Open and red rectangles depict vector sequences, while LoxP sites are shown as yellow
triangles. The orange rectangle represents the Neo gene. The direction and approximate
location of vector-specific PCR primers are shown as horizontal arrows. (C) A diagram of a
first-round targeted allele using the rAAV-XRCC4 exon 4 Neo targeting vector. The
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targeting vector has replaced exon 4 on one chromosome. All symbols are the same as in (A
and B). Chromosome-specific primers used for determining targeting events are shown as
horizontal arrows. (D) A diagram of a XRCC4 exon 4 first-round targeted locus following
Cre-mediated LoxP recombination. PCR primers flanking the single LoxP site are shown as
horizontal arrows. (E) A diagram of the rAAV-XRCC4 exon 4 fusion Neo targeting vector.
All symbols are the same as (A, B and C). (F) A diagram of a first-round targeted allele
using rAAV-XRCC4 exon 4 fusion Neo targeting vector. The targeting vector has integrated
an in-frame (LoxP site-Neo-PolyA-LoxP) cassette within exon 4 on one chromosome. All
symbols are the same as in (A and E). (G) A diagram of a XRCC4 exon 4 fusion first-round
targeted allele following Cre-mediated LoxP recombination. All symbols are the same as in
(A, E and F). (H) PCR confirmation of XRCC4+/-, XRCC4~/-, and XLF-/-:XRCC4-/-
cell lines. A final confirmation PCR was performed using genomic DNA isolated from
XRCC4+/-, XRCC4-/Neo, XRCC4~/-, XLF-/- :XRCC4 +/-, XLF-/-:XRCC4Neo/-, and
XLF-/-:XRCC4Neo/- clones. Genomic DNA from WT and XLF-/- HCT116 cells was
used as controls, lanes 1 and 5 respectively. (I) XRCC4-/- cells lack detectable XRCC4
protein. Whole cell extracts were prepared from parental (WT), LiglV—/-, XRCC4+/-,
XRCC4Neo/-, XRCC4~/-, and two XRCC4~/- complemented clones (#4 and #5). The
extracts were analyzed by immunoblot for XRCC4 as well as LiglV protein with b-catenin
and a-tubulin as loading controls. In the LIGIV panel, a non-specific band is marked with an
asterisk (*) and the correct band is marked with an arrow. (J) XLF-/- and XRCC4~-/- cells
lack detectable XLF and XRCC4 protein. Whole cell extracts were prepared from parental
(WT), XLF-/-, XRCC4~/-, as well as two XLF-/-:XRCC4Neo/- cell lines. The extracts
were analyzed by immunoblot for XRCC4 expression using Ku70 as a loading control and
then subsequently probed with an XLF antibody. (K) PAXX-/- cells lack detectable PAXX
protein. Whole cell extracts were prepared from parental (WT), XRCC4—-/-, XLF-/-, two
PAXX~-/-, XRCC4~/-:XLF~-/-, XRCC4~/=:PAXX~/=, XLF=/-:PAXX~/-, as well as two
XRCC4~/-:XLF-/-:PAXX-/- cell lines. The extracts were analyzed by immunoblotting for
XRCC4, XLF and PAXX using a-tubulin as a loading control. In the XRCC4 blot, a non-
specific band is marked with an asterisk (*) and the correct band is marked with an
arrowhead.
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Fig. 2.
XRCC4-deficient HCT116 cells are sensitive to DNA-damaging agents.(A) Etoposide
sensitivity. For each cell line, 3000 cells were plated in duplicate and exposed to the
indicated levels of etoposide. Surviving cells that grew into colonies of at least 50 cells after
~10 days were scored. The averages (+/- standard deviations) of two experiments are
shown. (B) IR sensitivity. For each cell line, either 300, in the case of the WT and XRCC4+/
- cells, or 3000, for the XRCC4-/- and XRCC4-/- complemented cells, were plated in
duplicate and X irradiated at the indicated doses. Surviving cells that grew into colonies of at

least 50 cells after ~ 10 days were scored. The averages (+/- standard deviations) of two
experiments are shown.
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Fig. 3.

NHEJ activity in XRCC4-/-, XRCC4—-/- complemented, and XLF—-/-:XRCC4Neo/- cells.
(A) A diagram of the pEGFP-Pem1-Ad2 NHEJ reporter substrate plasmid. The vector
contains an EGFP expression cassette that is driven by a CMV promoter and terminated by
the SV40 polyA sequence. The 5’ (G) portion of GFP is separated from the 3’ (FP) portion
by a 2.4 kb long Pem1 intron interrupted by an Ad2 exon that is flanked by Hindlll and I-
Scel restriction enzyme recognition sites. Both splice donor (SD) and splice acceptor (SA)
sites are also noted. (B) Restriction enzyme recognition sites used for the introduction of
DSBs. Digestion of the two HindlllI sites produces compatible cohesive ends while digestion
of the inverted 18 bp non-palindromic 1-Scel sites produces incompatible ends. (C) The
Ad2-exon, within the Pem1 intron, is efficiently spliced into the middle of the GFP ORF
resulting in an inactivated GFP gene product that leads to GFP-negative cells. Hindll1/I-Scel
restriction enzyme recognition sites flank each side of the Ad2 exon. The removal of the
Ad2 exon by either of these endonucleases results in a linearized plasmid that, upon
successful intracellular recircularization, leads to GFP expression that can be quantitated by
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flow cytometry. (D) The loss of XRCC4, XLF, as well as both XRCC4 and XLF expression
reduces end-joining. The indicated cell lines were transiently co-transfected with HindllI
(top panels) or 1-Scel (lower panels) linearized pEGFP-Pem1-Ad2 plasmid along with a
pCherry plasmid. The cells were analyzed by FACS analysis 24 hr post transfection. The
total number of both EGFP- and pCherry-positive (upper right-hand quadrant) cells versus
all pCherry-positive (upper left and right-hand quadrant) cells was determined. The resulting
percentage for each cell line is shown in the upper right-hand quadrant of each plot. (E)
Quantitation of the results shown in (D), plotted as relative plasmid rejoining for HindllI
(green bars) or I-Scel (red bars). The graph shown is the average (+/- the standard deviation)
from five (WT, XRCC4+/-, XRCC4~/-, XRCC4~/- complemented) or two (XLF-/- and
XLF-/-:XRCC4~/-) independent experiments.
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Fig. 4.

XI%CC4—/—, XLF=/-, and XLF-/-:XRCC4-/- cells exhibit an increase in microhomology-
mediated DNA repair.(A) Repaired Hindlll-linearized plasmids were recovered from the
indicated cell lines and propagated in E. coli for the purpose of determining the total
(“perfect rejoining”) frequency. For each cell line, twenty colony PCR products produced
using GFP-specific primers were then subjected to HindlII restriction enzyme digestion and
subjected to gel electrophoresis. Red asterisks indicate those PCR products where perfect
joining occurred. (B) XRCC4~/-, XLF-/-, and XLF-/-:XRCC4~/- cells exhibit elevated
use of microhomology-mediated repair. An additional ~ 30 plasmids that had not undergone
perfect rejoining were analyzed by DNA sequencing. Those results (compiled from Tables
S1 and S2) are displayed here with the percent microhomology used (defined by at least 3 nt
of microhomology) for during the repair event. The total number of events (n) analyzed for
each sample is indicated by the number above the bars.
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Fig. 5.

anfirmation of microhomology-mediated end-joining in XRCC4-deficient cells.(A) A
microhomology-directed NHEJ (aEJ) biased reporter substrate plasmid has been engineered
so that digestion with Eco47111 and EcoRV yields a blunt-ended linear substrate with 6-bp
repeats (boxes) at each end. Repair of this plasmid by C-NHEJ joining will result in the
retention of both repeats while aEJ should yield a single repeat, which conforms to a BstXI
restriction enzyme recognition site. (B) Experimental strategy for analysis of repair events
produced in transfected cells. The recovered plasmids are subjected to PCR amplification
using primers flanking the repair junction. These ~ 180 bp PCR products are then subjected
to BstXI restriction enzyme digestion that will yield 120 bp and 60 bp products if
successfully cleaved. The restriction fragments are visualized with SYBR Gold following
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polyacrylamide gel electrophoresis. (C) The results of one such experiment. (D) Two
independent experiments including the one shown in (C) were quantitated using ImageJ
software and averaged.
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Fig. 6.
HCT116 cells lacking XRCC4, XLF, and both XRCC4 and XLF exhibit greatly reduced

levels of V(D)J recombination.(A) A human V(D)J recombination substrate plasmid
diagram extracted from Gauss and Lieber [46]. Three different plasmids are diagrammed.
Each plasmid is a dual drug selection vector that includes an Amp (ampicillin resistance)
gene as well as a Ptrp (prokaryotic tryptophan promoter) driving expression of a promoter-
less chloramphenicol (Cat) resistance gene. Importantly, a phage transcription terminator is
represented by “stop” in the three cassettes. This terminator is flanked by 12- and 23-bp
V(D)J RSSs arranged in different orientations for each vector (open and closed arrowheads,
respectively). Transfection of each V(D)J substrate plasmid along with RAG1 and RAG2
expression plasmids into human cells and subsequent V(D)J recombination will result in the
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deletion or inversion of the terminator sequence. Plasmids are then recovered from the
human cells and propagated in bacteria, where only recombined plasmids confer resistance
to both chloramphenicol and ampicillin while nonrecombined plasmids confer resistance
only to ampicillin. (B) V(D)J recombination activity table. The results of five separate
experiments for parental (WT) HCT116 as well as three separate experiments for XRCC4-,
XLF-, and XLF:XRCC4-deficient cells are shown. (C) The relative V(D)J recombination
frequencies for each cell line were determined from the average of these three individual
experiments. (D) Incidence of nucleotide deletion from the coding ends. Coding joints
(compiled from Fig. S3) were examined for the number of bases lost from each coding end
in both directions and binned into the indicated 5 nt intervals. The total number of events (n)
analyzed for each genotype is indicated.
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WT
» XRCC4

i

Artemis HPRT PIGA

rAAV-mediated gene targeting frequency in XRCC4-deficient cells.A graph displaying the
relative rAAV-mediated gene targeting frequencies for each locus observed for WT and
XRCC4-/- cells. For Artemis and HPRT, the data are from single experiments where 81 to
116 drug-resistant colonies were analyzed for each cell line and for each gene. For PIGA,
the data represent the average of two independent cell-sorting experiments that were

combined together.
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