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Non-homologous end joining (NHE)) is the predominant pathway that repairs
DNA double-stranded breaks (DSBs) in vertebrates. However, due to chal-
lenges in detecting DSBs in living cells, the repair capacity of the NHEJ pathway
is unknown. The DNA termini of many DSBs must be processed to allow liga-
tion while minimizing genetic changes that result from break repair. Emerging
models propose that DNA termini are first synapsed ~115 A apart in one of
several long-range synaptic complexes before transitioning into a short-range
synaptic complex that juxtaposes DNA ends to facilitate ligation. The transi-
tion from long-range to short-range synaptic complexes involves both con-
formational and compositional changes of the NHEJ factors bound to the DNA
break. Importantly, it is unclear how NHEJ proceeds in vivo because of the
challenges involved in analyzing recruitment of NHEJ factors to DSBs over time
in living cells. Here, we develop an approach to study the temporal and
compositional dynamics of NHEJ complexes using live cell single-molecule
imaging. Our results provide direct evidence for stepwise maturation of the
NHEJ complex, pinpoint key regulatory steps in NHEJ progression, and allowed
us to estimate the overall repair capacity of the NHE] pathway in living cells.

DNA, the blueprint of life, is remarkably labile and can be damagedina
variety of ways. Damage that results in DNA double strand breaks (DNA
breaks on both strands, DSBs) is the most toxic genomic lesion' . DSBs
that are left unrepaired or repaired incorrectly can result in mutations
or loss of genetic information due to chromosomal rearrangements,
and, in some cases, cell death. Two major DNA double-strand break
repair pathways exist in most organisms'>. Non-homologous end-
joining (NHEJ) directly ligates DNA ends after limited end-processing
to render DNA ends chemically compatible for ligation®. NHE] is active
throughout the cell cycle and is estimated to repair 80% of all spon-
taneous DSBs in human cells*. Homologous recombination (HR) uses
the sister chromatid as template DNA to repair DSBs’. Due to the
requirement for a sister chromatid, HR functions only in the S and G2
phases of the cell cycle. In addition to engaging repair pathways, DSBs
also trigger cell cycle checkpoints that temporarily or permanently halt

proliferation or lead to apoptosis of the damaged cell, which is fre-
quently taken advantage of by cancer therapeutics that induce DNA
damage®. To understand how human cells respond to DNA damage it is
critical to define the repair capacity (i.e. the maximal number of DNA
lesions that can be repaired per unit time) of the different DNA repair
pathways. Since measuring the capacity of DSB repair pathways
requires both the enumeration of DNA breaks and tracking their
resolution over time, this has been challenging to accomplish in liv-
ing cells.

In human cells the core NHE]J factors include Ku70, Ku80, DNA-
PKcs, XLF, XRCC4 and Ligase 4*’. The highly abundant heterodimer of
Ku70 and Ku80 (Ku70/80) forms a ring structure that binds double-
stranded DNA ends with a high affinity®. Ku70/80 serves as the reg-
ulatory subunit of the DNA-dependent protein kinase (DNA-PK), which
is activated when Ku70/80 binds DNA ends, resulting in recruitment of
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DNA-PKcs, the catalytic subunit of DNA-PK’. Ku70/80, and to a lesser
extent DNA-PKcs, serve as a scaffold to target the other core NHEJ
factors and numerous end-processing enzymes, many of which pos-
sess Ku-binding motifs that facilitate assembly of various NHEJ
complexes’®',

In recent years, cryogenic electron microscopy (Cryo-EM), and
in vitro single-molecule imaging studies have significantly advanced
our understanding of the assembly mechanism underlying the
recruitment of the core NHEJ factors to facilitate DSB repair' . Single-
molecule Forster resonance energy transfer (FRET) studies suggest
that after Ku70/80 binds DNA ends and recruits DNA-PKcs, the DNA
ends are synapsed but are positioned more than 100 A apart in a long-
range synaptic complex'®". This long-range complex can progress into
a short-range synaptic complex where the ends are in sufficiently close
proximity to facilitate ligation. This transition requires Ku70/80, the
catalytic activity of DNA-PKcs, and components of the ligase complex
(Ligase 4, XRCC4, and XLF)”. Recently a plethora of new cryo-EM
studies has provided support for this model and surprisingly defined
two types of long-range complexes. One long-range complex can form
with only Ku70/80 and DNA-PKcs, but can also include XLF, XRCC4,
and Ligase 4; the other long-range complex is dependent on XLF and
has only been observed in complexes that also include XRCC4 and
Ligase 4", Follow-up mutational analysis suggested that the different
long-range complexes facilitate distinct end-processing reactions that
are required for the repair of DSBs with specific DNA end chemistries™.
However, there is currently no direct evidence that these complexes
exist in living cells. Moreover, a clear understanding of how NHEJ
progresses in vivo is lacking. A key challenge has been the lack of tools
to study the binding of NHEJ factors to chemically well-defined breaks
in living cells. Live cell imaging of laser micro-irradiation (LMI) induced
DNA damage has been a useful approach to visualize the recruitment
of DNA repair factors to spatially and temporally well controlled DNA
lesions in real time?°*%. However, LMI induces complex DNA lesions
that include DSBs, single-strand breaks, and base damage and the
relative contribution of the various types of DNA damage to the
recruitment of the repair factors is impossible to disentangle”>.

In this work, we studied NHEJ in living cells by developing a single-
molecule imaging method to analyze the recruitment of endogenously
HaloTagged NHEJ factors to chemically induced DNA breaks. We
define the recruitment dynamics of the core NHEJ factors to DSBs and
our experiments allowed us to estimate that U20S cells can repair up
to ~1100 DSBs per minute via the NHEJ pathway. Our results reveal that
Ku70/80 and DNA-PKcs are recruited to DSBs before the components
of the ligase complex (XRCC4, XLF, Ligase 4), consistent with the
formation of a long-range complex that only contains Ku70/80 and
DNA-PKcs. In addition, we observe that DNA-PKcs dissociates from
DSBs ~10 minutes prior to Ku70/80, XLF, and XRCC4. This provides
direct evidence for the presence of DNA-PKcs free, long-lived short-
range synaptic complexes in cells, and suggests a subset of breaks
require extensive processing prior to ligation. Importantly, the dis-
sociation of DNA-PKcs requires its catalytic activity, and its inhibition
prevents the release of all other NHE] factors analyzed, consistent with
an arrest of NHEJ progression. Finally, we analyze the role of Ligase 4 in
NHEJ complex maturation. In the absence of Ligase 4, the long-range
synaptic complex containing XLF and the XRCC4-Ligase 4 fails to form,
and Ku70/80 and DNA-PKcs rapidly dissociate from DNA breaks. In
addition, consistent with previous in vitro studies, the catalytic activity
of Ligase 4 is not required for short-range complex formation, but in
the presence of catalytically inactive Ligase 4 the removal of DNA-PKcs
is delayed, indicating that the interaction of Ligase 4 with DNA sub-
strate might contribute to the transition to the short-range synaptic
complex. Altogether our work provides direct evidence for the exis-
tence of NHEJ complexes with distinct compositions in living cells,
precisely determines their maturation over time and defines the repair
capacity of the non-homologous end joining pathway in cancer cells.

Results

Generation of functional, endogenously halotagged NHE]
factors

To facilitate live cell single-molecule imaging of NHEJ factors, CRISPR-
Cas9 and homology-directed repair were used to insert the sequence
encoding a 3xFLAG-HaloTag (Halo) at the N-terminus of the endo-
genous Ku70, DNA-PKcs (generated in our previous work®), XLF, and
XRCC4 lociin U20S cells (Fig. 1A). For each gene, all alleles were edited,
the insertions were verified using Sanger sequencing, and exclusive
expression of the tagged protein was confirmed using western blot
(Fig. 1B). To assess subcellular localization of the HaloTagged NHEJ
factors, cells were labeled with a fluorescent HaloTag ligand (JFX650),
and the tagged proteins were visualized using widefield fluorescence
microscopy. In the presence or absence of the DSB-inducing drug
zeocin, Halo-Ku70, Halo-DNA-PKcs, and Halo-XRCC4 localized exclu-
sively to the nucleus (Fig. 1C). In contrast, Halo-XLF was detected in
both the cytoplasm and the nucleus (Fig. 1C), consistent with previous
observations by others?. To further confirm the cytoplasmic locali-
zation of XLF, we performed cellular fractionations of parental U20S
and the Halo-XLF cell line. Both wildtype XLF and Halo-XLF were pre-
sent in cytoplasm and nucleus (Supplementary Fig. 1A), demonstrating
that XLF cellular localization is not limited to the nucleus in U20S cells.
Notably, Halo-DNA-PKcs, Halo-XLF, and Halo-XRCC4 were excluded
from nucleoli (Fig. 1C). In contrast, in the absence of DNA damage,
Halo-Ku70 was present in both the nucleoplasm and enriched in
nucleoli (Fig. 1C). However, in the presence of Zeocin, Halo-Ku70
appeared to be evicted from nucleoli (Fig. 1C), consistent with obser-
vations by others®. Importantly, the nuclear signal intensity of the
HaloTagged NHEJ factors was unchanged after zeocin treatment
(Supplementary Fig. 1B, C) and none of the NHEJ factors formed DNA
repair foci after induction of DSBs using zeocin, while Halo-Rif1 repair
foci were readily detectable after DSBs induction (Fig. 1C), as
expected”. To assess whether the HaloTag disrupts cellular function of
the tagged NHEJ factors, we carried out clonogenic survival assays.
Zeocin resistance in the HaloTagged Ku70, XLF, and XRCC4 cell lines
was comparable to parental U20S cells, while DNA-PKcs knock-out
cells were highly sensitive to Zeocin (Fig. 1D, Supplementary Fig. 1D).
The functionality of Halo-DNA-PKcs was confirmed in previous work®.
We conclude that the N-terminal fusion of the 3xFLAG-HaloTag does
not significantly alter the DNA repair function of Ku70, DNA-PKcs,
XRCC4, or XLF.

Absolute cellular abundance of Ku70, XLF and XRCC4

To determine the absolute cellular abundance of Ku70, XLF, and
XRCC4 we compared the fluorescence intensity of labeled Halo-Ku70
and Halo-XRCC4 bands on SDS-PAGE gels to that of a standard
containing a known quantity of recombinant 3xFLAG-HaloTag pro-
tein labeled with the same fluorophore and a cell lysate from a spe-
cified number of cells (Supplementary Fig. 1E, F). The absolute
abundance of Halo-XLF was determined by comparing the fluores-
cence intensity of Halo-XLF to that of Halo-XRCC4 normalized to
total protein loaded (Fig. 1E). To calculate the absolute abundance of
endogenous, untagged proteins the absolute abundance of the
HaloTagged variants was multiplied by the relative expression of the
HaloTagged proteins compared to their untagged counterparts
determined by western blot (Fig. 1B). As previously described, the
expression level of Ku70 is very high (1.3-1.6 x10° molecules per
cell)®. The expression levels of XLF (54 - 61 x 10> molecules per cell)
and XRCC4 (23-28x10* molecules per cell) were substantially
lower. In previous work we determined that DNA-PKcs is present at
1.20 x 10° molecules per cell’>. We confirmed the absolute protein
number of the tagged NHEJ factors by using a second fluorescent
ligand for the HaloTag (JF657, Supplementary Fig. 1G). Together
these observations demonstrate that the abundance of the core NHE)
factors spans two orders of magnitude, with Ku70 being present in a
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Fig. 1| Generation and validation of HaloTagged core NHEJ proteins in

U20S cells. A Graphical depiction of the long-range XLF-mediated NHEJ synaptic
complex and HaloTag (based on PDB: 7NFC and 6U32)">**, B Western blots of U20S
cells expressing HaloTagged NHEJ factors and parental U20S cells probed with
antibodies against Ku70 (top), XRCC4 (middle), and XLF (bottom).

C Representative images of 20 living cells expressing HaloTagged NHEJ factors and
Halo-Rifl labeled with JFX650 HaloTag ligand in the presence or absence of zeocin
(Scale bar =10 um, also see Supplementary Fig. 1B, C). D Clonogenic survival assay
of U20S cells expressing HaloTagged NHEJ factors, parental U20S cells, and U20S
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cells with DNA-PKcs knocked out after challenge with Zeocin (N =4, 3 technical
replicates per biological replicate, Mean + S.D.). E Fluorescence imaging of 2 clones
of each HaloTagged NHE]J factor labeled with JF650 HaloTag ligand and separated
on an SDS-PAGE gel. F Quantification of the total protein abundance based on
recombinant 3X FLAG-HaloTag labeled with JF646 and cell lysates from a specific
number of U20S using in-gel fluorescence intensity values after applying a cor-
rection factor from western blots (see Supplementary Fig. 1E, F, N =3 biological
replicates, Mean + S.D.). Source data are provided in the Source Data file.
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Fig. 2 | Recruitment kinetics of the core NHEJ factors to complex DNA lesions.
A Representative images of HaloTagged NHE]J factor (JFX650) recruitment to laser-
induced DNA lesions over time (Scale bar = 10 um). B Normalized recruitment
kinetics of HaloTagged DDR proteins to laser-induced DSBs. Data are presented as
the average increase in fluorescence post-laser microirradiation normalized to the
brightest frame for cell analyzed (n =11 for Halo-Ku70, n =12 for Halo-DNA-PKcs,

Time (seconds)

n=12 for Halo-XRCC4, and n =9 for Halo-XLF individual cells analyzed for each
HaloTag cell line, Mean + S.D.). C Association half-times (t;/») of each pro-

tein binding to laser-induced DNA damage determined by nonlinear regression
assuming one-phase association without dissociation. Source data are provided in
the Source Data file.

10-fold excess compared to DNA-PKcs, which in turn is 2-5 fold more
abundance than XRCC4 and XLF.

Stepwise recruitment of NHEJ factors to laser micro-irradiation
induced DNA lesions

To analyze the recruitment of the tagged NHE]J factors to DNA lesions
in real time, we performed laser micro-irradiation (LMI) experiments
using a 405 nm laser in cells sensitized with Hoechst dye. While LMI
induces complex DNA lesions, including DSBs, it provides consistent
experimental conditions (pulse length, laser power) and allows analy-
sis of NHEJ factor localization to site of DNA damage with minimal time
delay after induction of DNA damage®**. All tagged NHE] factors were
robustly recruited to LMI-induced damage sites (Fig. 2A-C, Supple-
mentary Fig. 2A-D, Supplementary Movie 1-4). Halo-Ku70 and Halo-
DNA-PKcs were recruited to damaged sites very rapidly, with a half-
maximal accumulation time (t;,) of -7 and ~17 seconds, respectively

(Fig. 3C, Supplementary Movie 1, 2). Halo-XRCC4 and Halo-XLF were
recruited with similar kinetics but were delayed (t;»=32 and 38s)
compared to Halo-Ku70 and Halo-DNA-PKcs, consistent with previous
results (Fig. 2A-C, Supplementary Movie 3, 4)*". Similar to zeocin-
induced damage, LMI also induced depletion of Halo-Ku70 from
nucleoli (Fig. 2A, Supplementary Movie 1). These observations
demonstrate that the HaloTagged NHEJ factors can bind to DNA
lesions and the delayed recruitment of XRCC4 and XLF is consistent
with the initial formation of an NHEJ complex composed of only Ku70/
80 and DNA-PKcs.

Zeocin-induced DSB formation promotes chromatin association
of Halo-tagged NHE]J factors

To analyze the diffusion dynamics of individual HaloTagged NHEJ
factors, we carried out highly inclined laminated optical sheet (HILO)
microscopy of cells sparsely labeled with a fluorescent HaloTag ligand
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Fig. 3 | Zeocin-induced DSB formation promotes chromatin association of
Halo-tagged NHEJ factors. A Rational for analyzing DSB association of NHE] fac-
tors using single-molecule imaging. DSB association proteins are static while
unbound molecules diffuse rapidly through the nucleus. B Graphical representa-
tion of the workflow used for live-cell single-molecule imaging of core NHEJ pro-
teins. C, D Plot of the (C) Fraction Bound and (D) diffusion coefficients for freely
diffusing HaloTagged NHE]J proteins with a track length of at least 3 frames under
untreated conditions and post-zeocin exposure that were analyzed using a two-
state model of diffusion. Each data point represents an individual cell (N=3

biological replicates, n = 53 cells for Halo-NLS, n = 63 cells for Halo-H2B, n = 62 cells
for Halo-Ku70 untreated, n = 67 cells for Halo-Ku70 zeocin treated, n = 63 cells for
Halo-DNA-PKcs untreated, n =59 cells for Halo-DNA-PKcs zeocin treated, n = 61
cells for Halo-XRCC4 untreated, n =59 cells for Halo-XRCC4 zeocin treated, n=>59
cells for Halo-XLF untreated, n =53 cells for Halo-XLF zeocin treated, Black bar =
median). Data were analyzed by two-way ANOVA with Tukey’s posthoc test (****
represents p = 0.0001). E Total number of DNA breaks bound be each tagged DNA
repair factor after treatment with zeocin (N =3 biological replicates, Mean + S.D.).
Source data are provided in the Source Data file.

in combination with single-particle tracking (SPT, Supplementary
Movie 5-9)?°*233, Under these conditions only a small fraction of the
total cellular proteins was labeled, ranging from 0.01% for Halo-Ku70
to 0.6% for Halo-XLF (Supplementary Fig. 3A, B). Analysis of single-
molecule trajectories using the Spot-On tool allowed us to determine
the fraction of static molecules, which we presume include molecules
that are directly associated with chromatin, including DSBs
(Fig. 3A, B)*. In addition, Spot-On calculates the diffusion coefficients
of freely diffusing molecules (Dfree) and chromatin bound (Dgound)
molecules (Fig. 3B)*. As controls for freely diffusing and chromatin
bound proteins, constructs encoding only the HaloTag fused to three
nuclear localization sequences (Halo-NLS) and HaloTag-histone H2B
(Halo-H2B) were transfected into parental U20S cells®®. Halo-NLS dif-
fused rapidly through the nucleus (Dgsee = 2.6 pm?/s) and only a small
fraction of molecules was static (Fgoung = 10%, Fig. 3C, D, Supplemen-
tary Fig. 3D, Supplementary Movie 5, 6). In contrast and as expected,
the majority of Halo-H2B was associated with chromatin (Fgoung = 80%,
Fig. 3C, Supplementary Fig. 3D). In the absence of DNA damage, all four
HaloTagged NHEJ factors displayed an intermediate level of chromatin
bound molecules (Fgoung =20-30%, Fig. 3C, Supplementary Fig. 3D,
Supplementary Movie 7-9). Upon DNA damage induction with zeocin
the chromatin associated fraction of all tagged NHEJ factors sig-
nificantly increased by 10-20% (Fig. 3C, Supplementary Fig. 3D)
demonstrating that this single-molecule imaging approach can detect
the recruitment of NHEJ factors to DSBs, even though DNA repair foci
specific for the core NHEJ factors are generally not detectable by tra-
ditional microscopy (Fig. 1C). The increase in the chromatin bound
fraction of DNA-PKcs correlated with the dose of zeocin used (Sup-
plementary Fig. 3C), consistent with the recruitment of DNA-PKcs to

chromatin as a consequence of DSB formation. To confirm that Halo-
DNA-PKcs was recruited to chromatin in response to DSB induction in
a different cell line, we expressed Halo-DNA-PKcs in CHO-V3 cells
(Chinese hamster ovary cells that lack DNA-PKcs). Similar to our
observations in U20S cells, in CHO-V3 cells the chromatin bound
fraction of Halo-DNA-PKcs was also increased in response to zeocin
treatment (Supplementary Fig. 3E). The diffusion coefficients of freely
diffusing Halo-Ku70, Halo-DNA-PKcs, and Halo-XRCC4 were compar-
able in the absence of DNA damage (Dgree =1.6-1.9 um?/s, Fig. 3D).
Halo-XLF diffused more rapidly through the nucleus (Dee = 2.5 um?/s),
indicating that it does not constitutively associate with the other NHEJ
factors, in particular XRCC4. The diffusion coefficients of freely dif-
fusing and chromatin bound Halo-Ku70, Halo-XRCC4, and Halo-XLF
molecules were not affected by DSBs induction using zeocin (Fig. 3D,
Supplementary Fig. 3F). In contrast, the Dg.. of Halo-DNA-PKcs was
reduced to Dgree = 0.7 um?/s after zeocin treatment (Fig. 3D). Similarly,
the Dgoung Of of Halo-DNA-PKcs was also reduced after DSB induction
(Supplementary Fig. 3E). This suggests that DNA-PKcs globally transi-
tions into a different macro-molecular complex after DNA damage
induction, or it forms many transient interactions with chromatin that
slow down its diffusion dynamics.

In addition to defining the diffusion dynamics of the HaloTagged
NHE]J factors, these experiments allowed us to estimate the number of
DNA breaks bound by each tagged NHEJ factor per cell. We first con-
firmed that exposure to zeocin did not alter the expression levels of
the HaloTagged NHEJ factors (Supplementary Fig. 3G-I). The number
of chromatin-bound molecules was then determined by multiplying
the increase in the static fraction upon zeocin treatment (Fyound zeocin —
Fbound untreated) With the average number of molecules detected per
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imaging frame for each protein. This number was then divided by the
labeling efficiency to account for the small fraction of molecules that
are detectable (Supplementary Fig. 3B). In addition, we multiplied the
number by 3 because we only sample a 1um thick plane of the cell
nucleus, which is 4 um in height (Supplementary Fig. 3, see “methods”
for details)*". Finally, the resulting number was divided by the number
of molecules expected to be present at a single DSB (2 for Ku70 and
DNA-PKcs, 4 for XRCC4, 2 for XLF, see Fig. 1A). Assuming the increase
in the fraction of chromatin-bound molecules after zeocin treatment is
exclusively the result of DSB binding, Halo-Ku70 and DNA-PKcs were
associated with 13000 + 2400 and 9400 +1100 breaks per cell
(Fig. 3E), respectively. Halo-XRCC4 and Halo-XLF only associated with
620 +450 and 200 +140 DSBs per cell (Fig. 3E), respectively. These
numbers are consistent with the hierarchy of NHEJ factor recruitment,
and the relative abundance of the tagged proteins.

Altogether, these results demonstrate that single-molecule ima-
ging can be used to study the recruitment of NHEJ factors to DSBs in
living cells and to estimate the total number of breaks bound by each
protein analyzed.

Kinetics of NHE) factor recruitment to calicheamicin

induced DSBs

To determine the kinetics of chromatin association of the HaloTagged
NHEJ factors, SPT was used to analyze their recruitment to calichea-
micin induced DSBs. Calicheamicin mostly induces DNA breaks with 3’
overhangs, a high percentage of which have 3' phospho-glycolate
adducts®*, Cultures of cells expressing Halo-Ku70, Halo-DNA-PKcs,
and Halo-XRCC4 were treated with various concentrations of cali-
cheamicin for 3 minutes and individual cells were imaged for ~10 sec-
onds each in one-minute intervals, before and after damage induction
to determine the fraction of chromatin bound molecules (Fig, 4A,
Supplementary Movie 10, each data point represents a different cell).
Prior to treatment with calicheamicin the fraction of chromatin bound
molecules remained constant for all NHEJ factors (Fig. 4B, Supple-
mentary Movie 10). After DNA damage induction the chromatin bound
fraction of Halo-Ku70, Halo-DNA-PKcs, and Halo-XRCC4 increased
(Fig. 4B, Supplementary Fig. 4A, Supplementary Movie 10), consistent
with their rapid recruitment to DSBs. Importantly, the fraction bound
of Halo-DNA-PKcs cells was not increased after treatment with DMSO
(Supplementary Fig. 4B). For Halo-Ku70 the maximal fraction bound
increased as the concentration of calicheamicin was increased, and
gradually decreased over time, consistent with NHEJ repairing the
DSBs induced by the drug treatment (Fig. 4B, C, Supplementary
Fig. 4A). The time frame for which the fraction bound of Halo-Ku70
remained elevated was elongated with increasing calicheamicin con-
centration, indicating that the total DSB repair time was increased
(Fig. 4B, C, Supplementary Fig. 4C). In contrast, for Halo-DNA-PKcs and
Halo-XRCC4 only small changes in the fraction of chromatin bound
molecules were observed as the number of breaks was increased
(Fig. 4B, Supplementary Fig. 4A). In addition, the fraction of chromatin
bound Halo-DNA-PKcs and Halo-XRCC4 remained constant over an
extended period of time before rapidly dropping (Fig. 4B, C, Supple-
mentary Fig. 4A, C), rather than gradually decreasing as observed for
Halo-Ku70 (Fig. 4B). The duration of this plateau was extended with
increasing calicheamicin concentration for both Halo-DNA-PKcs and
Halo-XRCC4 (Fig. 4C).

To determine the total number of DNA breaks bound by the
tagged NHE]J factors, we first confirmed that the exposure to cali-
cheamicin did not alter the expression levels of the HaloTagged NHEJ
factors (Supplementary Fig. 5A-D). To carry out the same calculations
outlined above for zeocin treated cells, we then set out to confirm a
key assumption underlying this calculation: that the stoichiometry of
the NHEJ factors recruited to DSBs is limited to that observed in the
Cryo-EM structures of the long- and short-range synaptic
complexes™*. A recent study suggested that the disordered regions of

XLF and XRCC4 can form multivalent interactions, which could lead to
the recruitment of additional NHEJ factors to DNA breaks via the for-
mation of phase-separated condensates®. In our experiments, such
condensates should be detected as DNA damage induced foci of
XRCC4 and XLF. We did not observe local accumulation of the tagged
NHEJ factors after zeocin treatment (Fig. 1C). To determine whether
XLF and XRCC4 accumulate in condensates around DNA breaks after
calicheamicin treatment, we quantitatively labeled the Halo-tagged
proteins with JFX650-Halo ligand, induced DNA damage with various
concentrations of the drug, and fixed cells 10 minutes after exposure
to the damaging agent. This time point was chosen because the frac-
tion bound of all tagged NHEJ factors was elevated in our single-
molecule imaging experiments (Fig. 4B). The overall distribution of
Halo-XRCC4 and Halo-XLF was unchanged after calicheamicin treat-
ment compared to untreated controls, and we did not observe the
formation of bright foci (Supplementary Fig. 5E). To estimate the
minimal number of molecules that would have to accumulate in a
condensate to be detectable by our microscopy approach, we used the
telomeric protein TIN2 as a standard. Halo-TIN2 forms well defined foci
in the nucleus of U20S cells (Supplementary Fig. 5F). To determine the
intensity value of individual fluorophores, we continuously imaged
cells expressing Halo-TIN2 using exposure and laser power conditions
identical to the images acquired of Halo-XRCC4 and Halo-XLF
expressing cells (Supplementary Fig. 5E). Using this approach, we
identified individual photobleaching steps with a mean gray level value
of 233 (Supplementary Fig. 5G-1), which corresponds to the intensity
of a single Halo-tagged protein under our experimental conditions.
Line scan analysis across the nuclei of Halo-TIN2 expressing cells
demonstrated that fluorescence intensity peaks corresponding to two
fluorophores were readily detected above the background signal
(Supplementary Fig. 5J). For Halo-XRCC4 and Halo-XLF expressing
cells the highest levels of fluorescence intensity above the nuclear
background, corresponded to ~4 and ~2-3 fluorophores, respectively
(Supplementary Fig. 5K, L). It is important to note that the nuclear
background signal for Halo-XRCC4 and Halo-XLF expressing cells was
higher compared to cells expressing Halo-TIN2 (Supplementary
Fig. 5)-L). This is expected to increase the noise level of the back-
ground signal, which can be observed in the line scan traces, but did
not impact our ability to detect signals corresponding to at least two
fluorophores (Supplementary Fig. 5)-L). These observations are con-
sistent with stoichiometry of XRCC4 and XLF observed in the Cryo-EM
structures of the long- and short-range synaptic NHEJ complexes and
are inconsistent with the formation of condensates containing large
numbers of XLF and XRCC4 molecules around DNA breaks under our
experimental conditions.

To estimate the total number of DNA breaks bound by the tagged
NHE]J factors, we averaged the chromatin bound fraction of the first 5
cells after calicheamicin treatment for Halo-Ku70 or the first 10 cells
after recruitment was observed for Halo-DNA-PKcs and Halo-XRCC4.
The total number of breaks bound by Halo-Ku70 was elevated from
22000 to 55000 breaks per cell with increasing concentrations of
calicheamicin (Fig. 4D). In contrast, Halo-DNA-PKcs and Halo-XRCC4
bound to ~10000 and ~1000 breaks per cell for all calicheamicin con-
centrations used, respectively (Fig. 4D). These observations suggest
that the number of breaks induced in this experiment exceeds the
capacity of DNA-PKcs and XRCC4 and these factors are functioning at
maximum speed, conceptually similar to an enzyme in the presence of
large excess of substrate (Supplementary Fig. SM). In contrast, the
chromatin recruitment of Ku70 appears not to be saturated, consistent
with Ku70 being present in at least a 10-fold excess compared to DNA-
PKcs and XRCCA4. It is important to note that we are not measuring the
repair timing of individual DNA breaks in this experiment since we are
only imaging each cell for 10 seconds. Instead, these experiments
report on the rate with which the aggregate of all DSBs are repaired in
the cell population. In total, these results are consistent with Ku70
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rapidly binding most, if not all, DSBs that are induced, which exceeds the chromatin association plateaus of DNA-PKcs and XRCC4, but not
the total number of cellular DNA-PKcs and XRCC4 molecules (Sup- their height, increase with the number of DSBs induced.

plementary Fig. SM). Thus, in order to repair all of the DSBs in these

experiments, DNA-PKcs and XRCC4 must sequentially localize to  Estimation of the overall repair capacity of the NHEJ pathway in
breaks, explaining the extended time period during which the chro- human cells

matin associated fraction of these factors does not change (Supple- To estimate the rate of NHEJ (i.e. the number of breaks repaired per
mentary Fig. 5M). Consistent with this interpretation the duration of minute), we used Halo-Ku70 as a marker to measure the number of
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Fig. 4 | Time course analysis of the recruitment of Halo-tagged NHE]J factors to
DNA breaks. A Experimental approach to analyze the chromatin binding of the
tagged DNA repair factors over time. B Plot of the static fraction of Halo-Ku70,
Halo-DNA-PKcs, and Halo-XRCC4 before and after DNA damage induction (shaded
area) with various concentrations of calicheamicin for 3 minutes. Graphs represent
the rolling average over three consecutive timepoints (for individual graphs with
experimental error see Figure S4A). C Quantification of the timing of the recruit-
ment of Halo-Ku70, Halo-DNA-PKcs, and Halo-XRCC#4 after DNA damage induction
(N =3 biological replicates, N =2 for XRCC4, 120 cells per replicate, Mean + S.D.,
one-way ANOVA with Tukey post hoc test, capital letters denote statistically dif-
ferent experimental groups, for Ku70 20 nM vs. 40 nM and 80 nM p =0.03, 40 nM

and 80 nM vs. 120 nM p = 0.01, for DNA-PKcs 20 nM and 40 nM vs. 80 nM
p=0.0001, 80 nM vs. 120 nM p = 0.003, for XRCC4 20 nM vs. 40 nM p =0.0001,
40 nM vs. 80 nM p = 0.0001). D Quantification of the number of break bound Halo-
Ku70 (pooled data for 5 time points after DNA damage induction), Halo-DNA-PKcs
(pooled data for 10 time points after DNA damage induction), and Halo-XRCC4
(pooled data for 10 time points after chromatin recruitment) molecules after DNA
damage induction with various concentrations of calicheamicin (N =3 biological
replicates, Mean + S.D., one sided ¢t-test). E Quantification of the DNA repair rate by
using static Halo-Ku70 as a marker for the initial number of DNA breaks (D) and the
dissociation of XRCC4 (B) to mark the completion of DNA repair by NHEJ (N=3
biological replicates, Mean + S.D.). Source data are provided in the Source Data file.

DNA breaks initially present after exposure to calicheamicin (Fig. 4D).
To measure total repair time, we determined the time from damage
induction until dissociation of Halo-XRCC4, which is our best estimate
for the completion of NHEJ (Fig. 4B, C). Both the repair time and initial
break number rose with increasing concentrations of calicheamicin
used to induce DNA damage (Fig. 4B, D). The estimated repair rate
after treatment with 20 nM and 40 nM of calicheamicin was identical
(- 1100 breaks per minute), while the repair rate after break induction
with 80 nM was slightly lower (~ 750 breaks per minute) (Fig. 4E). These
observations suggest that the maximal DNA break repair capacity via
the NHEJ pathway in U20S cells is approximately 1100 + 390 DSBs per
minute.

Analysis of the relative timing of NHEJ factor recruitment reveals
kinetics of short-range synaptic complex formation

To precisely determine the relative timing of the recruitment of Halo-
Ku70, Halo-DNA-PKcs, Halo-XRCC4, and Halo-XLF to DSBs, time
course experiments were performed after induction of DSBs with
40nM Calicheamicin. While Halo-Ku70 and Halo-DNA-PKcs were
recruited to DSBs immediately after break induction, the chromatin
recruitment of Halo-XRCC4 and Halo-XLF was delayed by ~6 minutes
relative to Halo-Ku70 and Halo-DNA-PKcs (Fig. 5A, B). Halo-XLF was
associated with around 600 DNA breaks after DSB induction with
40 nM calicheamicin (Supplementary Fig. 6A). This suggests that DSBs
are initially bound by Ku70/80 and DNA-PKcs and XRCC4 and XLF are
recruited at a later time point, consistent with their delayed association
observed using LMI (Fig. 3). Halo-DNA-PKcs dissociated from chro-
matin ~-22 minutes after DNA damage induction (Fig. 5A, B). Relative to
Halo-DNA-PKcs, Halo-Ku70, Halo-XRCC4, and Halo-XLF remained
bound to DSBs for an additional 10 minutes (Fig. 5A, B), consistent with
the formation of the ligation competent short-range synaptic complex
that lacks DNA-PKcs.

To determine whether the catalytic activity of DNA-PKcs is
required for its dissociation from DSBs and in turn the completion of
DNA repair marked by the departure of the other NHEJ factors, the
experiment was repeated in the presence of an DNA-PK inhibitor
(Nu7441)*. When DNA-PKcs kinase activity was inhibited, all four NHEJ
factors remained associated with chromatin for >60 minutes (the end
of the experiment) (Fig. 5C), suggesting that DNA-PKcs target phos-
phorylation is required for DNA-PKcs displacement from DSBs (con-
sistent with previous in vitro studies) and potentially short-range
complex formation and end ligation. Importantly, this observation is
consistent with the requirement for DNA-PKcs catalytic activity for the
transition to the short-range complex in single-molecule FRET
experiments”. To assess whether DNA-PKcs autophosphorylation at
the ADCDE-sites, which is important for DNA-PKcs function®*, is
required for its dissociation from DSBs, wildtype Halo-DNA-PKcs and
Halo-DNA-PKcs with the ABCDE sites mutated to alanine (ABCDE
mutant) were expressed in DNA-PKcs-deficient U20S cells. Similar to
Halo-DNA-PKcs in the presence of the DNA-PKcs inhibitor, the ABCDE
mutant remained associated with chromatin for the entirety of the
experiment, while wildtype Halo-DNA-PKcs dissociated from chroma-
tin 20 minutes after DSB induction (Fig. 5D, Supplementary Fig. 6B).

These data are consistent with previous studies showing that ABCDE
autophosphorylation is required for DNA-PKcs dissociation from
chromatin after DNA damage****.

It total, these observations in living cells are consistent with a
stepwise maturation of the NHEJ complex at DSBs that requires DNA-
PK kinase activity; Ku70/80 and DNA-PKcs initially recognize DSBs and
recruit XRCC4, Ligase 4, and XLF. DNA-PKcs autophosphorylation-
induced dissociation occurs well before repair is complete, while the
other core NHEJ factors remain associated with the break sites, con-
sistent with progression to the short-range synaptic complexes where
final repair occurs.

Ligase 4 is required for retention of Ku70 and DNA-PKcs at DSBs
and its catalytic activity is dispensable for transition to short-
range complexes
Ligase 4 has been shown to be necessary for short-range complex
formation in vitro'*. To assess the role of Ligase 4 in the maturation of
the NHEJ complex in living cells, Ligase 4 was knocked out in cells
expressing Halo-tagged Ku70, DNA-PKcs, or XRCC4 and NHE]J factor
recruitment to DNA breaks was analyzed after DSB induction with
40 nM calicheamicin. Re-expression of wild type Ligase 4 recapitulated
the recruitment kinetics of Halo-Ku70, Halo-DNA-PKcs, and Halo-
XRCC4 observed in the presence of endogenous Ligase 4 (Fig. 6A, B,
Fig. 5A, Supplementary Fig. 6C-E, Supplementary Movie 11-13). In the
absence of Ligase 4, Halo-Ku70 and Halo-DNA-PKcs were recruited to
DSBs immediately after induction and simultaneously dissociated
from DNA breaks after approximately 16 minutes, substantially faster
than in the presence of Ligase 4 (Figs. 6A, B, 5A, Supplementary
Fig. 6C-E, Supplementary Movie 11-12). Halo-XRCC4 was not recruited
to DSBs in Ligase 4 knockout cells (Fig. 6A, Supplementary Movie 13),
consistent with previous results***’. These observations demonstrate
that Ligase 4 is required for the recruitment of XRCC4 to DNA breaks,
and that Ligase 4 stabilizes Ku70 and DNA-PKcs at DSBs, potentially by
promoting the stability of long-range synaptic complexes (Fig. 1A).
To dissect the structural and catalytic contributions of Ligase 4 to
NHEJ complex formation and maturation, a previously described cat-
alytically inactive allele of Ligase 4 (Ligase 4 5XK) was introduced into
Ligase 4 deficient cells (Supplementary Fig. 6C-E)*. In the presence of
catalytically inactive Ligase 4 both Halo-XRCC4 and Halo-Ku70 were
retained at DNA breaks for the entire duration of the experiment,
demonstrating that DNA ends must be ligated for Ku70 and XRCC4 to
be removed from DSBs (Fig. 6A, B). In contrast, DNA-PKcs dissociated
from DNA breaks, albeit after a longer delay compared to cell
expressing catalytically active Ligase 4 (Figs. 6A, 5A). This suggests that
the short-range synaptic complex can form without the ability to ligate
DNA ends and that DNA-PKcs dissociates from breaks prior to the
repair event. To confirm these observations, we carried out laser
micro-irradiation experiments in Ligase 4 knockout cells expressing
Halo-Ku70, Halo-DNA-PKcs, or Halo-XRCC4 transfected with a control
vector or expression plasmids encoding wild type Ligase 4 or cataly-
tically inactive Ligase 4 (Supplementary Movie 14-16). Consistent with
the single-molecule imaging experiments, in the absence of Ligase 4,
Halo-Ku70 and Halo-DNA-PKcs rapidly dissociated from laser induced
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DNA lesions, while Halo-XRCC4 was not recruited to sites of
DNA damage (Fig. 6C, Supplementary Fig. 6F-G, Supplementary
Movie 14-16). In addition, Halo-Ku70 was retained for an exten-
ded period of time in cells expressing catalytically inactive Ligase 4 (-
Fig. 6C, Supplementary Fig. 6G). Importantly, similar to the
observation made by single-molecule imaging, Halo-DNA-PKcs
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dissociated from DNA lesions in the presence of catalytically inactive
Ligase 4 (Fig. 6A-C, Supplementary Fig. 6G), consistent with the for-
mation of an NHEJ complex that lacks DNA-PKcs when DNA ligation is
not possible.

In summary, these observations demonstrate that Ligase 4 is
structurally required to retain Ku70 and DNA-PKcs at DSBs and that the
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Fig. 5 | Compositional changes of the NHEJ complex are controlled by DNA-PK
activity. A Plot of the static fraction of each HaloTag NHEJ protein over time. A
single cell was imaged at each timepoint. After 30 minutes DSBs were induced with
40 nM calicheamicin for 3 minutes (shaded area) and cells were imaged for

60 minutes thereafter (N =3 biological replicates, 90 cells per replicate, Mean +
S.D.). B Quantification of the timing of the recruitment of Halo-Ku70, Halo-DNA-
PKcs, Halo-XLF, and Halo-XRCC4 after DNA damage induction (N =3 biological
replicates, Mean + S.D., one-way ANOVA with Tukey post hoc test, capital letters
denote statistically different experimental groups, Ku70 vs DNA-PKcs p =0.0001,
Ku70 vs. XRCC4 p = 0.04, Ku70 vs. XLF p=0.08, DNA-PKcs vs. XLF p=0.001, DNA-
PKcs vs. XRCC4 p =0.001). C Plot of the static fraction of each HaloTag NHEJ

protein over time in the presence of a DNA-PK inhibitor (Nu7441, 2 nM). A single cell
was imaged at each timepoint. After 30 minutes DSBs were induced with 40 nM
Calicheamicin for 3 minutes (shaded area) and cells were imaged for 60 minutes
thereafter (V=3 biological replicates, 90 cells per replicate Mean + S.D.). D Plot of
the static fraction of wildtype Halo-DNA-PKcs or Halo-DNA-PKcs with mutated
autophosphorylation sites (ABCDE mut.) expressing in U20S cells in which DNA-
PKcs was knocked out. A single cell was imaged at each timepoint. After 30 minutes
DSBs were induced with 40 nM calicheamicin for 3 minutes (shaded area) and cells
were imaged for 60 minutes thereafter (V=3 biological replicates, Mean + S.D.).
Source data are provided in the Source Data file.

short-range synaptic complex that lacks DNA-PKcs can form without
the ability to ligate DNA ends.

Discussion

Non-homologous end joining repairs the vast majority of DNA dou-
ble strand breaks in human cells. In addition to its central importance
in maintaining genome integrity, toxic NHEJ can be unleashed in
tumors with defects in other DNA repair pathways to specifically
eliminate cancer cells'>. Therefore, quantitatively defining the
molecular mechanisms underlying NHE] is critical to understand the
basic biology of DNA repair and has important clinical implications
for targeting DNA repair pathways as a therapeutic approach to treat
cancer*"*’, Recent single-molecule FRET and Cryo-EM studies sug-
gest that NHEJ is initiated by the formation of a long-range synaptic
complex, which can have several distinct compositions that likely
exist in equilibrium" ", These long-range complexes transition into
short-range synaptic complexes, which facilitate ligation of the DNA
ends, in a step that requires DNA-PK kinase activity. While these
elegant studies defined critical aspects of the molecular mechanism
underlying NHEJ, our knowledge of how NHEJ proceeds in living cells
was limited.

Because NHE] factors are both highly abundant and do not
detectably accumulate at DNA breaks, it has been challenging to ana-
lyze their recruitment to DSBs in living cells®°. In addition, well estab-
lished methods to analyze the recruitment of DNA repair factors to
sites of DNA damage in real time, for example laser micro-irradiation,
generate complex DNA lesions, making it difficult to interpret
experimental outcomes® . To overcome this hurdle, we used single-
molecule live-cell imaging to study the kinetics of NHEJ factor
recruitment to drug induced DSBs. The key assumption is that the
immobilization of individual NHEJ factors in response to treatment
with DNA damaging agents is caused by their binding to DSBs. The
single-molecule approach has two key advantages: individual mole-
cules can be detected making it possible to visualize the recruitment of
factors that are not present at breaks in large numbers, and small
molecule drugs can be used to induce a titratable number of chemi-
cally defined DNA lesions (as opposed to the complex lesions that
result from LMI)?>**"%, Using this approach, we analyze the temporal
and compositional maturation of NHEJ factors bound to DNA breaks
and defined of the overall kinetics and repair capacity of the NHEJ
pathway in living cells.

Repair capacity and overall rate of the non-homologous end
joining pathway

A key variable in defining the kinetics of biochemical processes is the
total abundance (i.e. concentration) of the biomolecules involved. In
this study we demonstrate that total abundance of NHEJ factors spans
almost two orders of magnitude, ranging from >10° molecules per cell
for Ku70 to ~25,000 molecules per cell for XRCC4. The total abun-
dance of Ku70 and DNA-PKcs determined here agrees well with pre-
vious work using mass spectrometry for high-throughput analysis of
protein abundance in the same cell line (U20S cells)*®. In contrast,
XRCC4 and XLF were found to be approximately 10-fold less abundant

by mass-spectrometry compared to our methodology*°, which might

reflect a limitation in detecting tryptic peptides of these proteins by
mass-spectrometry. Since our approach to determine protein abun-
dance is based on the direct detection of the tagged protein using both
fluorescence and western blot techniques, we believe that our meth-
odology is accurate and not prone to artifacts resulting from amino
acid composition of the protein analyzed.

Our single molecule imaging-based approach to directly visualize
the recruitment of NHEJ factors to DNA breaks allowed enumeration of
the chromatin bound DNA repair factors providing an estimate of the
maximal overall rate of DSB repair by the NHEJ pathway. For this
estimation we made several assumptions. First, the immobilization of
the NHEJ factors after treatment with calicheamicin is a consequence
of their binding to DNA breaks, rather than other unknown nuclear
structures. Given that chromatin bound fraction increased rapidly
after DSB induction and the reduction in chromatin binding of all
factors tested required known biochemical activities associated with
break repair (i.e. DNA-PK kinase activity, Ligase 4 catalytic activity), we
believe that this is assumption is likely accurate. However, it is possible
the immobilization of the NHEJ factors observed after DNA damage
induction is DSB break dependent but only in part the result of direct
break association, for reasons yet to be discovered. Second, we
assumed that the reduction in the chromatin bound fraction of the
NHE]J factors studied is a consequence of productive end ligation by
NHEJ. It is possible that a fraction of the breaks initially engaged by the
NHEJ machinery are not ligated and the NHEJ proteins are displaced by
other DNA repair factors or are removed by collisions with DNA- or
RNA-polymerases. Importantly, both Halo-Ku70 and Halo-DNA-PKcs
are maintained on chromatin at similar levels for extended periods of
time when DNA-PK kinase activity is inhibited. This suggests that over
the time scale of our experiments Ku70 and DNA-PKcs are not readily
remobilized by mechanisms that do not require the progression of
NHEJ. The third assumption we made is that the number of NHEJ fac-
tors recruited to breaks is limited to the stoichiometry observed in the
Cryo-EM structures™*. Our data demonstrate that none of the tagged
NHE]J factors form detectable foci after treatment with zeocin, and the
maximal fluorescence intensities of Halo-XRCC4 and Halo-XLF are
consistent with the accumulation of a small number of molecules in
nuclear signals after calicheamicin treatment. These observations are
consistent with the stoichiometry of the NHEJ factors observed in the
long- and short-range synaptic complexes and does not support the
hypothesis that under our experimental conditions XRCC4 and XLF
accumulate in condensates around DNA breaks mediated by multi-
valent interactions of their disordered regions in living cells, which was
recently observed by others using in vitro reconstitutions®. The final
assumption is that almost all breaks are rapidly bound by Ku70/80.
Given the high abundance of Ku70 (>10° molecules per cell) relative to
the estimated number of breaks induced in the experiment (<10°
breaks per cell), this appears to be a reasonable assumption. Because
inaccuracies in all of our assumptions would lead us to overestimate
the overall repair capacity of the NHEJ pathway, our estimation should
be interpreted as the upper limit of the repair rate of NHEJ in
U20S cells.
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Fig. 6 | Ligase 4 is required for the retention of Ku70 and DNA-PKcs at DNA
breaks. A Plot of the static fraction of Halo-Ku70 (top row), Halo-DNA-PKcs (middle
row), or Halo-XRCC4 (bottom row) over time in ligase 4 knockout cells, transiently
expressing wildtype ligase 4 (left column), a vector control (middle column) or
ligase dead ligase 4 (right column). After 20 minutes DSBs were induced with 40 nM
Calicheamicin for 3 minutes (shaded area) and cells were imaged for 60 minutes
thereafter (N =3 biological replicates for Halo-Ku70 and Halo-XRCC4, N = 4 biolo-
gical replicates for Halo-DNA-PKcs, 80 cells per replicate, Mean + S.D.).

B Quantification of the timing of the recruitment of Halo-Ku70, Halo-DNA-PKcs,
Halo-XLF, and Halo-XRCC4 after DNA damage induction in Ligase 4 knockout cells
expressing a control plasmid, or expression vectors for wildtype and catalytically
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inactive Ligase 4 (N =3 biological replicates for Halo-Ku70 and Halo-XRCC4, N=4
biological replicates for Halo-DNA-PKcs, Mean + S.D., one-way ANOVA with Tukey
post hoc test, capital letters denote statistically different experimental groups, Ku70
vs. DNA-PKcs p = 0.0004, Ku70 vs. XRCC4 p = 0.03, DNA-PKcs vs. XRCC4 p = 0.007).
C Laser micro irradiation of U20S cells with ligase 4 knockout, expressing Halo-Ku70
(left), Halo-DNA-PKcs (middle), or Halo-XRCC4 (right), transiently expressing wild-
type ligase 4, a vector control, or catalytically inactive ligase 4 (for Halo-Ku70 ligase
4 knockout Nyector =31, Nwr ligase 4 =31, Ndead ligase 4 = 24, for Halo-DNA-PKcs ligase 4
knockout Nyector =36, Nwr ligase 4 =40, Ndead ligase 4 =26, for Halo-XRCC4 ligase 4
knockout Nwr jigase 4 =29, Nead ligase 4 = 45, Mean = S.E.M.). Source data are provided
in the Source Data file.

Using Ku70 binding to DSBs as an estimate of the total breaks
initially present in cells and the dissociation of the XRCC4-Ligase 4
complex as the time point at which all breaks have been repaired, our
experiments suggest that the NHEJ pathway can repair up to
1100 £ 390 DNA breaks per minute in U20S cells. Importantly, the
repair rate measured after DSB induction with 20 nM and 40 nM of

calicheamicin was identical, with both the break number and repair
time approximately doubling. Although the individual measurements
in these experiments exhibit variability, the notable concurrence in
repair rates across diverse experimental conditions augments our
confidence in both the efficacy of our approach and the validity of our
interpretation.

Nature Communications | (2024)15:10159


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54545-y

While Ku70/80 likely rapidly associates with the vast majority of
DNA breaks induced, our results demonstrate that DNA-PKcs only
binds to approximately 10000 DSBs, regardless of the number of
DNA breaks present. This suggests that a large number of breaks in
our experiments are only bound by Ku70/80 or Ku70/80 and DNA-
PKcs. In addition, we observed a reduction in the mobility of freely
moving DNA-PKcs molecules in the nucleus (Dgee). This indicates
that the properties of DNA-PKcs are changed cell wide, once a sub-
stantial number of DNA breaks are present in cells. A key unad-
dressed question is why DNA-PKcs does not appear to associate with
a large fraction of Ku70/80 bound DNA ends. One possibility is that
many Ku70/80 bound ends are not ideal substrates for DNA-PKcs
because the DNA end is not sufficiently exposed for DNA-PKcs to
engage. For instance, if Ku70/80 associates with a DNA end in close
proximity to a nucleosome, which might require chromatin remo-
deling prior to DNA-PKcs binding. However, we currently do not have
evidence for this model and future studies are necessary to decipher
to mechanism by which DNA-Pkcs is recruited to Ku70/80 bound
DNA ends.

In contrast to Ku70 and DNA-PKcs, XRCC4 and XLF were only
associated with 1000 and 600 DNA breaks under our experimental
conditions, respectively. In combination with the estimated repair rate
of approximately 1000 breaks per minute per cell, this suggests that
the XRCC4-Ligase 4 complex and XLF complete their repair function in
30-60 seconds before moving to the next DNA break. Our results are
consistent with the hierarchy of NHEJ factor recruitment to DNA
breaks and indicate that the XRCC4-Ligase 4 complex and XLF are the
rate limiting factors that control the repair capacity of the NHE)
pathway in human cells. Interestingly, we observed that the majority of
Halo-XLF localized to the cytoplasm, rather than the nucleus. In addi-
tion, work by others has demonstrated that phosphorylation of XLF by
Akt kinase promotes its export to the cytoplasm?”. Together, these
observations suggest that the regulation of the subcellular localization
of XLF could control the repair capacity of the NHEJ pathway in
human cells.

In total, we estimate that NHEJ has the maximal cellular capacity to
repair approximately 1100 + 390 DSBs per minute. This rate could be
controlled by the availability of the XRCC4-Ligase 4 complex and XLF
and we estimate that end repair takes 30-60 seconds once the ligation
machinery associates with the DNA break.

Stepwise maturation of the NHEJ complex in living cells

Our observations demonstrate that Ku70 and DNA-PKcs are recrui-
ted to DSBs immediately after their formation. In contrast the
recruitment XRCC4 and its constitutive binding partner Ligase 4,
along with XLF, is only detectable approximately 6 minutes after the
association Ku70 and DNA-PKcs. The observation that Ku70 and
DNA-PKcs are targeted before XRCC4 and XLF is consistent with an
initial DNA end synapsis by the domain-swap Ku70/80-DNA-PKcs
dimer, rather than break tethering by XRCC4 and XLF, which was
suggested by in vitro single-molecule experiments”. The domain-
swap Ku70/80-DNA-PKcs dimer can also exist bound to XRCC4,
Ligase 4, and XLF, and transitions into the XLF-dependent long-range
complex by an unknown mechanism (Fig. 7). Mutational experi-
ments suggest that short-range complex formation requires prior
formation of the XLF-dependent long-range synaptic complex
(Fig. 7)*. The four core NHE] factors remain associated with DSBs for
~15minutes at which point DNA-PKcs dissociates. We believe that
during the 15-minute window in which all NHEJ factors analyzed are
observed to be bound to DNA breaks the bulk of end-joining occurs.
DNA-PKcs, XRCC4, and XLF transition from one break to the next,
explaining why their fraction bound remains constant during this
time interval, while the fraction bound of Ku70 gradually decreases
as breaks are repaired (Supplementary Fig. 5M). Once DNA-PKcs
dissociates from DNA breaks, Ku70, XRCC4, and XLF remained

bound to chromatin for an additional 10 minutes. This suggests that
a number of DNA breaks remain in a short-range synaptic complex
for an extended period of time, rather than being repaired in 30-
60seconds after XRCC4-Ligase 4 association as outlined above.
Since DNA-PKcs binding is no longer observed, it is unlikely that
these breaks transition back into a long-range synaptic complex
(Fig. 7). We believe these breaks likely require extensive end pro-
cessing or represent DNA lesions that are incompatible with repair by
NHEJ. Once these breaks are repaired or committed to an alternative
repair pathway all NHEJ factors dissociate from chromatin. Impor-
tantly, the dissociation of DNA-PKcs requires the kinase activity of
DNA-PK, specifically DNA-PKcs autophosphorylation at the ABCDE
sites, as previously suggested*>**. Moreover, upon inhibition of DNA-
PK catalytic activity all core NHEJ factors remain associated with
DSBs, demonstrating that short-range synaptic complex formation
requires phosphorylation of functionally relevant DNA-PK targets
including the ABCDE sites, consistent with the FRET studies”.

Important limitations of our work are that we cannot determine
the time point of long-range complex formation or the exact time at
which end ligation occurs. Graham et al. reported that NHE] long-range
complexes are short-lived (only a few seconds) whereas short-range
NHEJ complexes are considerably more stable”. We suggest that while
DNA-PKcs is associated with DNA ends, numerous long-range com-
plexes form at a single DSB in an iterative fashion to facilitate different
aspects of end-processing. Although how each DSB is shuttled
between different complexes has not been determined. Emerging data
suggest that DNA-PKcs's unique DNA End Blocking helix, which
appears to melt the DNA termini within the DNA-binding cradle, may
provide a mechanism for DNA-PK to sample DNA ends so that appro-
priate NHEJ complexes are formed depending on the end chemistry of
the DNA end bound”. Once compatible with ligation, ends are paired
within an XLF-mediated dimer, DNA-PKcs autophosphorylates ABCDE
sites in trans, resulting in dissociation of DNA-PKcs and progression to
the ligation competent short-range complex. Our observations sug-
gest that the transition into this short-range complex that lacks DNA-
PKcs does not require the catalytic activity of Ligase 4, consistent with
single-molecule FRET studies”. However, DNA-PKcs dissociation is
substantially delayed in cells expressing catalytically inactive ligase 4,
which suggests that Ligase 4 and potentially its DNA binding activity
contributes to the conformational changes required for short-range
complex formation, consistent with recent work from Stinson and
colleagues'.

Taken together, this study establishes a methodology to analyze
NHE]J factor association with chemically well-defined DNA breaks at the
single-molecule level. This approach allowed us to define the overall
repair capacity of the NHEJ pathway in human cancer cells and directly
visualized the compositional changes in the NHEJ complex during
double strand break repair in living cells.

Methods

Cell lines and cell culture

U20S (HTB-96™, ATCC) cells were cultured in RPMI supplemented
with 10% fetal bovine serum (FBS), 100 units/mL penicillin, and 100 pg/
ml streptomycin. CHO-V3 cells were grown in alpha-MEM containing
10% FBS, 2 mM L-glutamine, 0.1 mM non-essential amino acids, 1 mM
sodium pyruvate, 100 U/ml penicillin, 100 pg/ml streptomycin, and
10 pg/ml ciprofloxacin. Stable transfectants of CHO-V3 cells (a kind gift
from Martin Gellert) were selected and maintained in complete med-
ium containing 10 pg/ml puromycin. All cells were grown at 37 °C in a
humidified atmosphere with 5% CO,.

Molecular cloning, plasmids and genome editing

Endogenous tagging of Ku70, XLF, and XRCC4 was performed with
CRISPR/Cas9 mediated homology-directed repair (HDR) to precisely
introduce HaloTag. To achieve this, sgRNAs were inserted into the
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activity and structural contributions of the XRCC4-Ligase 4 complex.

Bbsl site of the pX330 plasmid (pX330-U6-Chimeric_BB-CBh-
hSpCas9 was a gift from Feng Zhang, Addgene plasmid # 42230)°.
Each HDR donor plasmid was was constructed from three DNA
fragments by Gibson assembly: a left homology arm (449 bp), a right
homology arm (449 bp), and an insertion in-between the homology
arms including a 3x FLAG tag, an inverted SV40 promoter, a Pur-
omycin resistance cassette (PuroR) flanked by LoxP sites (for further
selection), the HaloTag, and a TEV protease cleavage site, followed
by a short peptide linker sequence®**. Homology arms were ordered
as G-blocks from IDT. U20S cells were transfected with 1 pg of pX330
plasmid and 1pg of the HDR donor plasmid using 1 ug FuGene 6
(Promega). Approximately 2-3 days post-transfection, edited cells
were selected with 1 ug/mL puromycin. These cells were then
transfected with 2 pg of plasmid encoding eGFP-Cre recombinase
(CAG-GFP-IRES-CRE was a gift from Fred Gage, Addgene plasmid #
48201)>. To obtain individual clones cells were labeled with JFX650,
and single cells that were eGFP and JFX650 positive were sorted into
96-well cell culture plates containing 50% conditioned media (media
supernatant from previous cultures of U20S cells filtered through a
0.2 um filter). For knockout of DNA-PKcs, cells were transfected with
two gRNA plasmids (TGCAACTTCACTAAGTCCA, GAAAAAGTA-
CATTGAAATT). Knockout was confirmed by Western blot and Sanger
sequencing. For transient transfection of wild type Halo- DNA-PKcs
and Halo-ABCDE plasmids, 1ug of plasmid and FuGene 6 (Promega)
were used. CHO-V3 transfectants expressing human DNA-PKcs were
derived by stably transfecting cells with 10 ug expression plasmid
and 1 ug pSuper-Puro with PEL 48 hours after transfection, cells were
plated at limiting dilution in media containing Sug/ml puromycin.
Isolated clones were screened for DNA-PKcs expression by immu-
noblotting. Ligase 4 KO cell lines were generated using a gRNA and
Cas9 nuclease targeting the coding region of Ligase 4. The gRNA
(CATACGTTCACCATCTAGCT) was previously cloned into pCas2a-
Puro. 500 ng of plasmid was transfected into 5x10° cells using a
Neon nucleofector (ThermoFisher, 4 x10 ms pulses at 1230 V) and
given 48 hours to recover. Clones were selected by plating limiting
dilutions into 10 cm dishes in complete media + 2 ug/mL puromycin
for 48 hours. After colonies had grown to ~50 cell size, individual
clones were manually transferred to a 24-well plate and allowed to
grow to confluency. Ligase 4 KO clones were analyzed by western
blot probed with anti-Ligase 4 (Abcam, 26039). Ligase 4 was tran-
siently complemented into KO cell lines by transfecting 500,000
cells with 100 ng of pmaxGFP (Lonza) and 500 ng of expression
plasmid (empty vector, pcDNA3-Ligase 4 WT, or pcDNA3 catalytically
inactive Ligase 4 described as 5xK-R in Goff et al. 2022)*. Approxi-
mately 100,000 cells/well were plated into 24-well glass-bottom
dishes (Cellvis, P24-1.5H-N) and allowed to recover for 48-72 hours
before imaging.

Antibodies and immunoblotting

Cell extracts were prepared in 2x Laemmli buffer with (-
mercaptoethanol. Proteins were resolved by SDS-PAGE using Mini-
PROTEAN TGX stain-free gels (BioRad), except for DNA-PKcs for which
homemade 6% polyacrylamide gels were used. Proteins were trans-
ferred to PVDF using either a Trans-Blot Turbo system (with Turbo
transfer buffer) (BioRad) or by traditional wet tank transfer using CAPS
Buffer with 10% Methanol (for DNA-PKcs). Antibodies used in this
study were anti-DNA-PKcs (1:1000 dilution)*®, anti-XLF (Invitrogen
PA596310, 1:1000), anti-XRCC4 (Invitrogen, PA5-82264, 1:2000), anti-
Ku70 (Invitrogen, MAS-12933, 1:1000), anti-Lamin Bl (Proteintech,
12987-1-AP, 1:1000), and anti-Tubulin (Proteintech, 66031-1-Ig, 1:1000).
HRP-conjugated secondary antibodies were used at 1:5000 dilutions
and chemiluminescence signal was produced using the Clarity western
ECL substrate (BioRad) and detected using a ChemiDoc imaging sys-
tem (BioRad). All western blots were carried out in at least 3 technical
replicates and were analyzed using ImageQuant TL 8.2.

Measurement and quantification of in-gel fluorescence and
protein abundance

To measure total protein abundance by in-gel fluorescence, cells were
labeled for 30 minutes with 500 nM JF646, JFX650, or JF657 HaloTag
ligand. For the analysis the labeling efficiency during single-molecule
imaging experiments cells were either labeled for 30 minutes with
500 nM JFX650 to determine the total number of HaloTagged NHE)
factors present or using single-molecule imaging labeling conditions
(Halo-Ku70 100 pM for 30 seconds, Halo-DNA-PKcs 1 nM for 1 minute,
Halo-XRCC4 50 nM for 1 minute, Halo-XLF 10 nM for 1 min). Samples
were loaded and separated on Mini-PROTEAN TGX stain-free gels
(BioRad) and fluorescence and then total protein were detected using
a BioRad Chemidoc, using the Cy5.5 filter and stain-free gel detection
after 45 seconds of UV activation, respectively. For in-gel fluorescence
quantification of the HaloTagged proteins, we created a standard
curve using known amounts of recombinant 3X FLAG-HaloTag labeled
with JF646, or JF657 and cell lysates from a known number of U20S
cells to evaluate protein abundance in two clones for each cell line?**.
To account for the possibility of different expression of HaloTagged
proteins relative to untagged proteins, we determined the ratio of
HaloTagged relative to endogenous protein expression using western
blot (Fig. 1B). Protein loading was normalized using stain-free total
protein detection. This approach allowed us to ensure accurate
quantification and comparison of protein expression levels. All in-gel
fluorescent SDS-page gels were carried out in at least 3 technical and 3
biological replicates. All gels were analyzed using ImageQuant TL 8.2.
For quantification of the labeling efficiency in single-molecule imaging
experiments, the fluorescence signal was normalized to the total
protein signal to normalize for differences in loading and cell number.
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Clonogenic survival assays

The day before zeocin treatment, 500 cells were seeded in six-well
plates in triplicate. The next day, cells were treated using a range
zeocin (Gibco) concentrations for four hours, and then media with
zeoncin was replaced with fresh complete media without drug.
Approximately 7-10 days after exposure to zeocin, 6-well plates were
rinsed with PBS, and cells were fixed and stained in crystal violet
solution (20% ethanol and 1% w/v crystal violet). The crystal violet
solution was removed by carefully careful washing with water. Dry
plates were imaged using the Coomassie Blue filter set on a BioRad
Chemidoc. Colony counts were determined using ImageQuant TL
8.2. All colony survival assays were performed with 4 biological
replicates.

Live cell imaging

Live cell imaging was carried out on a Olympus IX83 inverted micro-
scope equipped with a 4-line cellTIRF illuminator (405 nm, 488 nm,
561 nm, 640 nm lasers), an Excelitas X-Cite TURBO LED light source, an
Olympus UAPO 100x TIRF objective (1.49 NA), an Olympus UPlanApo
60x TIRF oil-immersion objective (1.50 NA), a CAIRN TwinCam
beamsplitter, two Andor iXon Ultra EMCCD cameras or two Hama-
matsu Orca BT Fusion cameras, or a Hamamatsu Orca QUEST camera, a
cellFRAP with a 100 mW 405nm laser, an environmental control
enclosure for temperature, CO,, and humidity control. The micro-
scope was operated using the Olympus cellSense software. Spinning
disc confocal microscopy was carried out 3i Marianas microscope
equipped with a CSU-WI1 SoRa disc, a Hamamatsu Orca BT Fusion
camera, 4 laser line illuminator (405nm, 488 nm, 561 nm, 640 nm
lasers), a 63x alpha plan-apochromat objective (1.46 NA), and an
environmental control enclosure for temperature, CO,, and humidity
control.

Laser Micro-irradiation

Cells were labeled with the Halo-tag ligand JFX650 (a kind gift from the
Lavis lab, Janelia Farms, Ashburn, VA) at a concentration of 500 nM in
complete media for 30 min at 37 °C, washed three times, and pre-
sensitized with Hoechst (1 ug/ml) for ten minutes. The 405-nm laser
was directly coupled to the epifluorescence optical path of the
microscope with 100x or 60x objective and images were acquired
every second using the 630 nm LED light source. DNA lesions were
generated in a straight line across the nucleus by micro-irradiation with
the 405-nm laser at 25% laser power using 20 ms pulse. For quantitative
analyzes, we first cropped cells and drift corrected using Nanoj in Fiji*®.
Intensity profiles of the laser micro-irradiated stripe were generated
using ImageJ and data was analyzed using GraphPad Prism by fitting an
exponential one-phase association model and one-phase decay model.
For association phase we fit the data points from damage induction
until maximal binding was observed. For dissociation we only con-
sidered data from the time point of maximal binding until the end of
the experiment.

Single-molecule imaging

Cells were grown on 24-well glass bottom dishes (Cellvis, P24-1.5H-N)
for 24 hours prior to imaging. Cells were sparsely labeled with JFX650
or JF646 dye**° in complete media (Halo-Ku70 100 pM for 30 sec-
onds, Halo-DNA-PKcs 1nM for 1minute, Halo-XRCC4 50nM for
1 minute, Halo-XLF 10 nM for 1 min) and were washed three times with
fresh media and incubated for an additional 15 min at 37 °C (5% CO,) to
remove excess dye. Cells were treated with 100 ug/mL zeocin or DMSO
for one hour prior to HaloTag labeling and imaged at 146 frames
per second for 3000 frames using the Andor 897 Ultra EM-CCD cam-
era. For calicheamicin treatment, cells were labeled and imaged for
30 minutes prior to addition of calicheamicin for 3 minutes while in the
cellVivo chamber on the microscope. Calcicheamicin was removed
with at least 3 quick washes with complete media. To inhibit DNA-PK

cells were treated with 100 nM Nu7441 for 2 hours prior to and during
imaging. Cells for imaged at 179 frames per second for 1500 frames
using the Hamamatsu Orca Fusion BT sCMOS camera. All experiments
were carried out in triplicate or more with at least 15 cells analyzed for
each experiment.

Analysis of Live-Cell Imaging

To analyze the single-molecule particles TIFF files, we used the batch
parallel-processing version of SLIMFAST in MatLab 2020b*. For
tracking, the following settings were used for all the proteins: Exposure
Time =5.6 or 6.8 ms, NA =149 or 1.50, PixelSize =0.16 or 0.1083 um,
Emission Wavelength = 664 nm, Dy, =5um? s, Number of gaps
allowed =2, Localization Error =107, Deflation loops =0. We only
analyzed particles located in nucleus using bright field images to make
a mask of nucleus in ImageJ. Using tracked particles, we determined
the diffusion coefficients and the bound fractions using the MATLAB
version of SpotOn*. The following settings were used: TimeGap =5.6
or 6.8ms, dZ =0.700 um, GapsAllowed =2, TimePoints =8, Jump-
sToConsider =4, BinWidth = 0.01 um, PDF fitting. We applied a 2-state
model with the following settings: D_Free2 1State =[0.5 5],
D_Bound2 _State =[0.0001 0.5] with an assumption that NHEJ factors
are or chromatin bound or are freely diffusing. To compare diffusion
coefficients and bound fractions, we performed by two-way ANOVA
analysis with Tukey’s posthoc test in GraphPad Prism. We analyzed
either trajectories from individual cells or pooled sets of cells as indi-
cated in the text.

Quantification of DNA break number and NHEJ rate

The number of DNA breaks bound be each DNA repair factor
analyzed by single-molecule imaging was calculated by deter-
mining the increase in the fraction bound after DNA damage
induction (Fbound pre damage ~ l:bound post damage)- The Fbound pre
damage Was determined by pooled SpotOn analysis of all cells
imaged prior to damage. The Fyound post damage Was determined by
pooled SpotOn analysis of the first 5 cells post damage for Halo-
Ku70, or the first 10 cells after chromatin recruitment was
observed for Halo-DNA-PKcs, Halo-XRCC4, and Halo-XLF. We only
used 5 cells for Halo-Ku70 because the Fyoung for Halo-Ku70
rapidly decreased after initial recruitment, while it remained
constant for extended periods of time for the other factors ana-
lyzed. The fraction bound was then multiplied by the average
number of single molecule localizations per imaging frame to
determine the number of bound molecules observed, which was
also provided by the pooled SpotOn analysis. The number of
bound molecules was then divided by the labeling efficiency for
each protein (Supplementary Fig. 3B). Because the majority of the
nucleus is outside of the focal plane of the objective used in this
experiment, we further adjusted our number to account for the
subsection of the nucleus images. The central 1 um thick slice of a
sphere with a 4 um diameter is 1/2.7 of the total volume of the
sphere. Since we cannot be certain that we always imaged the
center of the nuclear volume we divided by 1/3 rather than 1/2.7
to account for the reduction in the fraction of the nucleus imaged
when not imaging the exact center of the nucleus. Finally, the
number was divided by the number of repair factors bound to
each DNA break.

Quantification of the timing of NHEJ factor recruitment to
DNA breaks

Bound fractions from single-molecule analysis were analyzed using
custom MATLAB script. The algorithm preprocessed the fraction
bound values using moving average filter. Next, the threshold was
determined as a mean plus standard deviation of fraction bound values
from all replicas before the drug treatment. Finally, the start and end
point of DNA repair state were detected using sliding window with a
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length of 3 if the median of values within the window was above or
below the threshold, respectively.

Cellular fractionation

For cellular fractionation 20 million cells were trypsinized, collected,
and washed in ice-cold PBS before swelling in a hypotonic buffer
(10 mM HEPES pH 7.9, 10 mM KCI, 1.5 mM MgCl,, and 0.5 mM DTT).
Then, using a pre-cooled dounce homogenizer and the tight pestle,
swollen cells were ruptured with 13 strokes (VWR Cat. 62400-595). The
purify the nuclei, burst cells were centrifuged at 218xg for 5 min. To
further improve the quality of purified nuclei, the nuclear pellet was
resuspended in buffer S1 (0.25M sucrose, 10 mM MgCl,), layered on
top of buffer S2 (0.35 M sucrose, 0.5 mM MgCl,) in a 15 ml falcon tube,
and centrifuged at 1430xg in a swinging bucket rotor for 5 min. Nuclei
then were resuspended in buffer S2. Samples of each fraction were
analyzed by western blot.

Photobleaching step-size measurement for determining the
protein abundance of foci

HaloTagged cell lines were plated into 24-well #1.5H glass bottom dish
24 hoursprior of imaging. The next day, cells were labeled with 250 nM
Halo-JFX650 ligand for 45 min in complete media. Cells were washed
twice and incubated for additional 15 min in a fresh complete media.
Cell lines expressing HaloTagged NHEJ factors were exposed to media
containing various concentrations of calicheamicin for 3 minutes,
washed three times with complete media, and incubated for 10 min-
utes in complete media. Then, cells were washed twice with PBS and
fixed with 4% formaldehyde for 10 min at RT. After fixation, cells were
washed twice with PBS and stained with Hoechst (diluted 1:5000 in
PBS) for 5min at RT. Cells were washed twice with PBS and imaged
immediately using the Olympus IX83 microscope (see above) with a
Hamamatsu Orca QUEST camera. Firstly, Z-stacks of Halo signal con-
taining 51 planes were acquired using 640 nm laser line with 100% laser
power and 40 ms exposure time followed by a Z-stacks of nuclei signal
using LED 385 nm excitation source. After Z-stack imaging, the pho-
tobleaching movies (10,000 frames) of Halo-TIN2 foci were acquired
using the same exposure and laser power settings. The photobleaching
step-size was calculated using a custom written MATLAB script. Briefly,
individual Halo-TIN2 foci from photobleaching movies were cropped
and plotted as a maximum intensity function over time. Each photo-
bleaching function was interpreted as a histogram where the maximum
count position was localized, and the respective peak (background
level) was fitted with gaussian function. Then, the second maxima next
to the background peak was localized and again the gaussian function
fitting routine was performed. This second peak represented intensity
level of one fluorophore. The photobleaching step-size was then
determined as a difference between the mean values for one fluor-
ophore and background optimized gaussian distributions.

Quantification of nuclear protein intensity

To determine the nuclear signal intensity of the HaloTagged NHEJ
factors labeled with JFX650 we acquired Z-stacks of living cells and
generated maximum intensity projections. We then outlined nuclei in
ImageJ and determined the average pixel intensity for the nucleus and
subtracted the average pixel intensity of a background region outside
of the cell.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Due to file size limitations raw microscopy data are not provided and
will be made available upon request from the corresponding
author. Source data are provided with this paper.

Code availability
The code used in this study has been deposited at GitHub repository at
https://github.com/SchmidtLabMSU/NHEJ-Analysis.
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