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Homologous recombination (HR) is a major pathway for repair of
DNA double-strand breaks (DSBs). The initial step that drives the HR
process is resection of DNA at the DSB, during which a multitude of
nucleases, mediators, and signaling proteins accumulates at the dam-
age foci in a manner that remains elusive. Using single-molecule lo-
calization super-resolution (SR) imaging assays, we specifically visualize
the spatiotemporal behavior of key mediator and nuclease proteins as
they resect DNA at single-ended double-strand breaks (seDSBs) formed
at collapsed replication forks. By characterizing these associations, we
reveal the in vivo dynamics of resection complexes involved in gener-
ating the long single-stranded DNA (ssDNA) overhang prior to homol-
ogy search. We show that 53BP1, a protein known to antagonize HR,
is recruited to seDSB foci during early resection but is spatially sep-
arated from repair activities. Contemporaneously, CtBP-interacting
protein (CtIP) and MRN (MRE11-RAD51-NBS1) associate with seDSBs,
interacting with each other and BRCA1. The HR nucleases EXO1 and
DNA2 are also recruited and colocalize with each other and with the
repair helicase Bloom syndrome protein (BLM), demonstrating multi-
ple simultaneous resection events. Quantification of replication pro-
tein A (RPA) accumulation and ssDNA generation shows that
resection is completed 2 to 4 h after break induction. However, both
BRCA1 and BLM persist later into HR, demonstrating potential roles in
homology search and repair resolution. Furthermore, we show that
initial recruitment of BRCA1 and removal of Ku are largely indepen-
dent of MRE11 exonuclease activity but dependent on MRE11 endo-
nuclease activity. Combined, our observations provide a detailed
description of resection during HR repair.
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Endogenous levels of genomic stress and damage occur as a
result of the unavoidable competition for DNA access from
the various DNA-binding proteins responsible for replication,
transcription, and epigenetic and topographic modification (1, 2).
Even in an ideally functioning replicating vertebrate cell, this re-
sults in a handful of double-strand breaks (DSBs) per day (3, 4),
which if misrepaired, can lead to cell death or mutagenesis (2, 5,
6). In replicating cells, several interacting, partially redundant
processes exist for DSB repair, with two principal repair pathways
described: homologous recombination (HR) and nonhomologous
end joining (NHEJ) (7, 8). NHEIJ is a comparatively straightfor-
ward process that involves the direct ligation of two blunt DNA
ends (ostensibly the two ends of the DSB), whereas the HR repair
process uses a homologous genetic sequence as a template for
repair, providing improved fidelity over NHEJ (2, 8). Importantly,
HR is specialized for the repair of endogenous DSBs during
replication, most commonly caused by replication fork (RF) le-
sions resulting in characteristic single-ended double-strand breaks
(seDSBs) without a coinciding second blunt end and that, there-
fore, cannot be repaired via NHEJ (9-13). Many of the isolated
HR repair steps have been identified and characterized, allowing
an overall model of the pathway to be hypothesized (10, 14, 15).
After a DSB is generated, ataxia telangiectasia and Rad3 related
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and ATM serine/threonine kinase orchestrate a DNA damage
response signaling cascade that spreads throughout the cell, altering
various genomic and metabolic processes (16). At the break, first
responder proteins identify the end and mediate pathway choice,
although the intricacies of how this is carried out remain unresolved
(7, 8, 17-19). Central to the HR repair pathway is the resection
process, as orchestrated by the MREI11 nuclease and several cofac-
tors, ultimately committing the break to HR-dependent repair (20).
After enough replication protein A (RPA)-coated single-stranded DNA
(ssDNA) is generated, the RADS51 recombinase is recruited to form a
nucleoprotein filament that performs homology search and invasion for
templated repair (21). Repair is then finalized by polymerase-driven
synthesis to form double-stranded DNA (dsDNA). Following this, the
RF can be reassembled and the D loop resolved, or a converging fork
can be ligated creating a double Holliday junction, which can result in
either cross-over or noncross-over products (22).

Our present understanding of the complex spatial and temporal
organization of HR repair of seDSBs relies on the accumulation
and convergence of data generated using an array of biochemical,
cellular, and molecular biology techniques. Fluorescence micros-
copy has been a stalwart feature of these studies, allowing for vi-
sualization of the comings and goings of tagged proteins of interest
as well as determination of their association with each other at
repair sites in vivo (23-25). However, conventional microscopy is
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restricted by the diffraction of light, which limits colocalization as-
sessments to interspecies distances that could, in reality, be separated
by several hundred nanometers (26). Perhaps even more inhibitory
to these experiments, conventional fluorescence imaging of cellular
DNA repair relies on thresholding methods to identify the brighter
and more concentrated protein “foci” (24). In order to be detected
above the background level of dispersed proteins, these bright nu-
clear foci consist of tens, if not hundreds, of fluorophores labeling
clusters of proteins (24, 27). For this reason, the vast majority of
imaging studies of DSB repair have used either laser or ionizing
radiation to induce clustered damage sites (28, 29). These tech-
niques also damage the surrounding cellular environment, gener-
ating radical species that can react indiscriminately with proteins
and lipids, as well as cause other types of DNA damage in close
proximity to any DSBs generated (23, 25). As such, although foci
studies have generated important insights into macroscopic DNA
repair processes, they may not provide a full description of repair at
the comparatively lower level of unclustered endogenous damage,
including the relationship that these breaks have with the genetic
deficiencies in repair pathways that lead to many cancers (30) as
well as neurodegenerative and other aging-related diseases (31).

Previously, we established powerful assays that combined
single-molecule super-resolution (SR) imaging with pulse label-
ing of DNA to visualize the recruitment and localization of DNA
damage response proteins to DNA DSBs (27, 32-34). Using this
approach, we were able to describe the extended timeline of HR
repair at seDSBs as well as the specific roles and cross-talk of key
HR proteins including BRCA2, RADS1, and RADS2 (27). In
the current study, we focus on the crucial initial processes as-
sociated with repair of collapsed RFs, in particular orchestration
of resection to produce a long RPA-coated ssDNA 3’ overhang.
The combination of replication-specific damage induction, label-
ing assays, and multicolor single-molecule SR approach engenders
a 10-fold improvement in image resolution over conventional
fluorescence microscopy. It is also advantageous as it gives all
fluorophores detected in the sample equal weighting regardless of
their propensity to form clusters or foci under the experimental
conditions (26). This contrasts with conventional imaging, which
has a finite dynamic range and typically fails to detect individual
fluorophore signals due to their very low photon count per pixel
compared with the strong pixel reading from a concentrated
cluster. With all single-fluorophore emissions being approximately
equal and with only one fluorophore emitting onto any individual
pixel at any one time, these contrast issues do not occur in single-
molecule imaging. Together, these advantages enable examination
of individual seDSB sites in vivo and quantification of the spatial
and temporal relationships between various HR proteins within the
damage foci (27, 35, 36) and comprehensively describe the interplay
and interactions of key resection proteins including the nucleases
MREI11, EXO1, and DNA2; the damage response helicase Bloom
syndrome protein (BLM); and cofactors BRCA1l and CtBP-
interacting protein (CtIP).

Results

SR Microscopy Analyses Reveal the Spatiotemporal Progression of
Individual Repair Foci. We used a nonlethal dose of camptothecin
(CPT) on S-phase synchronized human bone osteosarcoma epi-
thelial cells (U20S) to induce spatially separated seDSBs similar
to those encountered endogenously (Fig. 14) (11, 37). While we
expected CPT to induce some level of replication stress resulting
in fork slowing and stalling, its specific ability to capture Topo-
isomerase I cleavage complexes ahead of RFs is known to result in
endogenous-like seDSBs via RF collision (11). Moreover, this
approach avoids the widespread and varied damage inherent to
radiation-based experiments (38). As we have previously described
(27), because of the replication-specific nature of these breaks,
pulse labeling of nascent DNA (naDNA) using ethynyl deoxyuridine
(EdU) incorporation enabled visualization of individual replication
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domains, a subpopulation of which would also represent damage/
repair foci (39). We have previously determined by direct quantifi-
cation of damage foci and comet assay that treatment of U20S cells
with 100 nM CPT for 1 h causes an approximate quadrupling of the
number of DSBs, enabling detection using our SR assays but not
inducing any persistent genomic instability (27, 40).

After 1 h of naDNA labeling and damage induction, cells were
transferred to fresh medium and allowed to recover for up to 16 h
before fixation and fluorescent labeling. This enabled us to assess
several time points throughout the repair process of temporally
synchronized seDSBs formed at naDNA (seDSB/naDNA foci) by
costaining and localizing pairs of foci-associated protein species
(Fig. 1B). Bromodeoxyuridine (BrdU) was also incorporated into
the genomic DNA and visualized without denaturation in order to
follow ssDNA generation (24).

To quantify the specific characteristics of seDSB repair com-
plexes within the three-color SR images, we utilized three tiers of
analysis (Fig. 1 C-E) (27). Specifically, to capture seDSB repair
at naDNA, the three tiers of our analysis routine describe the
following relevant metrics: 1) normalized nonrandom colocali-
zation of proteins with naDNA foci, 2) protein—protein interplay
at naDNA foci, and 3) protein—protein spatial distribution at
naDNA foci (Fig. 1 C-E).

The pairwise colocalization of each protein species with naDNA
foci was determined by normalizing to both simulated random
levels of overlap and the level of overlap detected in undamaged
cells (41). To do this, pairs of color channels were thresholded to
minimize noise and false-positive localizations before particle
analysis to identify discrete clusters in each of the channels. These
clusters could indicate an individual underlying protein that had
been detected through the presence of one or multiple secondary
antibodies, or it could represent multiple copies of the protein
separated by less than ~80 nm. Using the inherent localization
precision (~5 to 10 nm), multicolor mapping errors (~10 to 20
nm), and combined antibody spacing (~10 to 20 nm), we calcu-
lated that individual proteins that were separated by more than
~80 nm would be detected as distinct subclusters (or subfoci) that
would appear as a single focus in diffraction limited microscopy. To
quantify the area or number of overlaps due to random colocali-
zation in the densely populated nucleus, we simulated images of
each single-nucleus image using a Monte Carlo algorithm to ran-
domly redistribute clusters of one color within the nuclear region of
interest while maintaining the distribution of the second channel as
imaged (27, 41). The number of overlaps calculated for each sim-
ulated nucleus could accordingly be used to normalize the number
of overlaps in each real nucleus using the ratio of average real
overlaps to average random overlaps. Thus, each individual nucleus
was assigned a ratio of real to simulated random overlaps, which
normalized for any cell to cell differences including cluster density,
and cluster and cell size. The average ratio from damaged cells could
then be further compared with the average ratio from undamaged
cells as shown in Fig. 1C (41).

Proteins found to colocalize with seDSB foci during repair could
then be further interrogated using three-color data to determine
pairs of proteins’ interrelationships within the context of repair foci.
By quantifying the proportion of protein signals colocalized with
seDSB foci independent of each other as well as together as three-
color foci, we could determine the propensity for protein—protein
colocalization, exclusion, or dependence at damage sites (Fig. 1D).
Importantly, this analysis excluded any protein signals not colocalized
with naDNA foci in order to specifically analyze repair.

Finally, we developed an analysis to extract subdiffraction spa-
tial information from within damage foci. We examined three-
color positive foci (naDNA and pairs of immunolabeled protein)
to determine whether the protein signals were closely associated
with each other (proximal) or spatially separated by some distance
greater than could be explained by inherent labeling and imaging
errors (~80 nmy; i.e., more distal) (Fig. 1E). Because of the underlying
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Fig. 1. SR imaging of repair proteins recruited to individual seDSBs in human cells. (A) The experimental protocol used to label and break RFs into seDSBs in
order to capture snapshots of the arrivals, accumulations, and departures of repair proteins. Topl, Topoisomerase I; DDR, DNA damage response. (B) Rep-
resentative epifluorescence (upper left) and SR (lower right) images of a single nucleus damaged and labeled for naDNA (using EdU; magenta), MRE11 (cyan),
and CtIP (yellow). (B, i and ii) Representative zoomed-in epifluorescence and (B, iii and iv) SR foci are shown. (Scale bars: i and ii, 500 nm; iii and iv, 250 nm.) (C)
Schematic showing the analytical process for quantifying protein colocalization with repair foci by generating Monte Carlo randomized simulation images for
each SR nucleus image and then using the number of overlaps in the random simulations to normalize the real data. For each cell, this normalized
“colocalization ratio” can be plotted (e.g., one normalized cell value is circled in red) and compared with truly random levels (=1) and with control levels in
untreated control cells. (D) The interrelationships between proteins localized to repair foci were further quantified by calculating the percentage of naDNA
foci positive for one or both stained proteins. This determined the degree of colocalization between proteins at repair sites, as well as exclusion and de-
pendence relationships. (E) The spatial relationship of pairs of proteins colocalized at repair foci could be determined by measuring the distance between the
protein foci centers of mass and generating a histogram. This was then extrapolated to generate a protein-protein association distribution two-dimensional
heat map. By staining RAD51 with two different fluorophores, we could model the expected association distribution for proximally associated proteins for
comparison with proteins that are distally associated at repair foci. Representative foci show proximal and distal overlaps as observed in dual-stained RAD51
(proximal; magenta: naDNA, cyan/yellow: RAD51) and in MRE11 (cyan) and CtIP (yellow; distal; magenta: naDNA). (F-H) Scatterplots showing quantification
of colocalization between (F) MRE11, (G) CtIP, (H) BRCA1, and (/) 53BP1 with naDNA in untreated control cells and cells treated with 100 nM CPT for 1 h. Black

bars depict medians, and diamonds show the means. ***P < 0.001 in a two-sample Student’s t test; ****P < 0.0001 in a two-sample Student’s t test.

heterogeneity of both the foci (e.g., potentially containing many
copies of the same protein) and the imaging conditions (e.g., different
labeling efficiencies, different foci orientations relative to the imaging
plane, steric hindrance), we did not set out to directly quantify dis-
tances between overlapping clusters. Instead, we aimed to determine
whether particular proteins likely existed in complexes, as has been
shown for many of these proteins by previous work (42), or were
more dynamic in their individual associations with the damaged DNA
and could interact with the repair foci independent of their traditional
binding partners. In particular, we set out to interrogate the ability of
MREI11, NBS1, CtIP, and BRCALI to exist at DSBs uncomplexed
with each other.

To assess SR images for internal protein—protein spatial ar-
rangement, we individually interrogated three-color foci by taking
an intensity cross-section of the two overlapping protein color
channels (at an naDNA focus) to determine the centers of mass of
each subfocus and based on this, the interspecies distance. These
distance values were collated to produce a histogram, which could
be approximated using one or two Gaussian functions. As a
standard for closely associated or complexed foci, we imaged
RADS1 in cells that had been immunostained using two different
fluorophores (Alexa Fluors 568 and 488). As expected, based on
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our estimates of precision and mapping errors, as well as steric
labeling issues, this two-color imaging did not produce perfect
overlaps, although with centers of mass distances consistently less
that ~100 nm, such overlaps would appear highly colocalized in
any diffraction limited image. The peak protein—protein distance
for strongly proximal pairs (i.e., dual-stained RADS51) was deter-
mined to be <135 nm, while distal distributions were found to be
separated by up to 250 to 300 nm. The fitted Gaussians could be
extended to a two-dimensional map with an intensity readout by
further calculation of perpendicular Gaussian functions to pro-
duce the protein—protein association distribution map shown in
blue, which is descriptive of the spatial arrangement within the
dual-stained RAD51 foci (Fig. 1E). In this case, the distribution is
inherently proximal, as we have also shown using dual-stained RPA
(40). We then used this analysis and the RADS1 distribution as
baselines for comparison with other protein pairs to determine
whether they are predominantly proximal, distal, or a combination,
within individual damage foci (labeled as “complexed distribution”
and shown as red overlaid distributions in figures throughout).
This analysis determines whether the proteins themselves are
distal or proximal relative to each other and does not take
into account the underlying naDNA distribution. Together, these
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analytical approaches allowed us to define the spatial and tem-
poral behavior of key HR proteins during break recognition and
resection.

53BP1 Localizes with seDSBs alongside Canonical HR Nucleases and
Cofactors during Early Repair. A protein multimer comprising
BRCA1, CtIP, and MREI11 (as part of the MRN [MREI11-
RADS51-NBS1] complex) orchestrates resection of DSBs in concert
with various other nucleases, helicases, and cofactors (43, 44). The
colocalization and interaction of BRCA1, CtIP, and MRN are
cell cycle dependent, and the individual proteins are critical for
successful HR repair (42, 43). MRE11 is specifically responsible
for initiating resection via 5-3’ endonuclease activity prior to
long-range resection by EXO1 and/or DNA2 (45). BRCA1-CtIP
interaction at DSBs has also been implicated as critical for HR-
dependent repair of replication-associated DSBs but not for re-
striction endonuclease-induced DSBs (46). Therefore, we first
assessed the colocalization of these three key proteins—MREL11,
CtIP, and BRCAl—with naDNA foci in both undamaged and
CPT-damaged cells (Fig. 1 F-H). For all three proteins, we de-
tected colocalization levels slightly above random even without
damage. We hypothesize that this was due to transient DNA-
protein interactions caused by the DNA-binding behavior that
these proteins intrinsically possess or due to undamaged levels of
transient fork reversals (42, 47). Following 1 h of CPT treatment,
we detected a significant increase in MRE11, BRCALI, and CtIP
colocalization with naDNA foci as compared with control cells
(Fig. 1 F-H). These data demonstrate the ability of the SR imaging
and analysis assay to detect HR repair events even for low doses of
CPT and minimal DSB induction levels, as well as comparatively
high levels of baseline biological “noise” in the form of associations
irrelevant to exogenously induced repair processes. Furthermore, it
confirms the fast localization of these key resection-mediating
proteins to seDSB sites.

Next, we evaluated the localization and interplay of the HR-
inhibitory protein 53BP1. It has previously been shown that 53BP1
recruitment to ionizing radiation-induced damage foci during
growth 1 phase (G1) supports the NHEJ pathway choice because
53BP1 can exclude BRCALI from damage foci (48). However, the
interplay between these two proteins during S phase is less clear,
particularly because in the absence of BRCAL, 53BP1 is thought
to retain its NHEJ-mediating activity regardless of cell cycle phase
(49, 50). Furthermore, 53BP1 foci formation has been confirmed
throughout the cell cycle regardless of the acting repair pathway,
and thus, a 53BP1 binding partner, RIF1, has been identified as key
in pathway choice (51). More recently, structured illumination mi-
croscopy studies showed that BRCAL foci formation during S phase
caused 53BP1 redistribution to the BRCAL1 focus periphery (52).
We note that these previous studies have primarily examined
radiation-induced clustered damage and that the conclusions of
these studies may not necessarily be reflected in DNA damage re-
sponse to RF-associated seDSBs. In the case of individual seDSBs,
we were surprised to detect a comparable increase in 53BP1
colocalization as observed for the aforementioned canonical HR
proteins (Fig. 17). This demonstrated that despite its HR-inhibitory
function, 53BP1 was still recruited to seDSBs that would eventually
be repaired by HR.

To better understand these data, we next set out to determine the
temporal progression of these proteins associations with seDSBs
throughout HR and specifically, during resection. By immunolab-
eling RPA and incorporated BrdU, we were able to directly char-
acterize the temporal progression of resected ssDNA generation.
For our purposes, BrdU was detected without any denaturation, as
would usually be necessary to expose the BrdU epitope in dsSDNA
(Fig. 24). Areas of colocalization of these immunolabel signals with
naDNA were then calculated at seven time points spanning 16-h
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Fig. 2. Quantification of RPA and BrdU overlap signals with naDNA shows
resection progression. (A) A schematic model showing labeling for RPA and
ssDNA as resection progresses. (B) Kinetic trace of RPA colocalization with
naDNA 0 to 16 h after 1 h of 100 nM CPT treatment. (C) Kinetic trace of
ssDNA (detected as undenatured BrdU) colocalization with naDNA 0 to 16 h
after 1 h of 100 nM CPT treatment. SEs are shown. *P < 0.05 based on two-
sample Student’s t test comparing damaged time point data with control
undamaged cell colocalization levels; **P < 0.01 based on two-sample Stu-
dent'’s t test comparing damaged time point data with control undamaged
cell colocalization levels; ***P < 0.001 based on two-sample Student’s
t test comparing damaged time point data with control undamaged cell
colocalization levels.

recovery from CPT treatment in order to determine the kinetics of
resection (Fig. 2 B and C).

This revealed that resection commences quickly following DSB
generation, with both ssDNA and RPA accumulating steadily for
the first 2 h of recovery before plateauing for a further 6 h. This
plateau is indicative of persistent ssDNA coated with RPA. To-
gether, these data establish that resection is predominantly com-
pleted during the first 2 to 4 h of repair and that the resulting
ssDNA is maintained during homology search and strand invasion
steps of HR until ~8 h of total repair time. After 8 h of the repair
process, we detect significant decreases in RPA and ssDNA sig-
nals, likely indicating successful synthesis by repair polymerases of
the complementary strand to produce dsDNA. Interestingly, the
amount of ssDNA does not decrease fully to control levels during
the 16 h of observation. Indeed, more than twice as much RPA
and ssDNA is detected associated with seDSB foci compared with
random levels, similar to those seen in undamaged cells fixed
immediately following naDNA labeling. This can potentially be
explained by the presence of ssDNA at undamaged replication
structures, which may have to be maintained until a converging
fork can fully resolve the break site into native duplicated dsDNA
(53). It may also be due to persistent seDSBs, which have failed to
repair during the course of our observations.

Having established that resection progresses throughout the first
2 to 4 h of repair, we focused on undercovering the dynamics of
early HR proteins during ssDNA generation (Fig. 3). In agreement
with their early roles in resection, we found that MRE11, BRCAL,
and CtIP are associated most strongly 0 to 2 h after release from
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CPT. Both MRE11 and CtIP levels decreased to minimally elevated
or control levels, respectively, by 4 h (Fig. 3 4 and C). This ob-
servation is consistent with the previously reported duration of the
resection process (54) as well as the kinetics we detected. BRCA1
persisted at DSBs much longer than MRE11 and CtIP, with
colocalization levels at 4 to 12 h comparable with 0 and 2 h
(Fig. 3B). We hypothesize that this is due to the later HR functions
of BRCAL as an upstream mediator of BRCA2, which facilitates
homology search and strand invasion (27, 55).

Temporal mapping of 53BP1 recruitment and residence at
damage foci revealed that it strongly associated immediately fol-
lowing CPT damage and 1 h into repair but that it did not persist
as long as the examined resection nucleases and cofactors
(Fig. 3D). Instead, 53BP1 colocalization dropped to control levels
by 2 h. This observation is potentially indicative of a mechanism
that completely removes 53BP1 from the damage foci by this time.
However, removal does not seem necessary for the initial re-
cruitment of HR proteins and the commencement of resection.

To further extract the HR timeline, we next examined EXO1
and DNA2, two 5'-3’ exonucleases hypothesized to work in con-
cert with MRE11 nicking to resect long tracts of DNA at DSBs.
Despite a high level of redundancy between the two nucleases and
ongoing debate regarding which might act preferentially in vivo,
both were observed to be recruited at similar levels (~2.6-fold
above random) in response to seDSB induction (Fig. 3 E and F).
Similar amounts of colocalization were detected immediately
following damage and at 1 and 2 h into repair, before returning to
control levels at 4 h. Together, these data indicate that resection
takes place during the first 2 to 4 h of HR, initially in the presence
of 53BP1, and that BRCAL is the only protein of those we ex-
amined with a later role in HR at the DSB site.

53BP1 Is Excluded from the DSB, While MRE11, CtIP, and BRCA1 Act
Both in Complex and Individually during Resection. To quantify the
organization of these proteins within individual seDSB foci, we
used three-color SR foci analysis to determine the protein—protein
interrelationships and spatial arrangement (Fig. 1 D and E).
Protein—protein association distribution maps were compared with
the dual-labeled RADS51 data (depicted as the red complexed
distribution map shown throughout Fig. 4). At the core of DNA
resection, the MRN trimer consists of MRE11-RAD50-NBS1. To
test the hypothesis that the complex exists stably at the DSB site
and that our protein—protein association distribution analysis
could be extended beyond dual labeling of a single target, we
immunolabeled MRE11 and NBS1 (Fig. 44). The protein signals
were found to strongly colocalize (82.7%) with a proximal distri-
bution similar to that observed for the dual-labeled RADS51. The
small percentage of NBS1 colocalized with naDNA in the absence
of MREI11 (12.0%) could be indicative of nonspecific antibody
labeling or of an MRE11-independent but replication-associated
pathway. Furthermore, the slight extension of the NBS1-MRE11
distribution toward a more distal arrangement of MRE11 relative
to NBS1 indicates some amount of NBS1 or MRE11 acting outside
of the MRN complex at these breaks. We hypothesize that this
could potentially be due to individual MRE11 or NBS1 proteins
being recruited to repair foci prior to complexing. Alternatively, this
signal could also be due to uncomplexed NBS1, which has been
shown to act independent of the MRN complex within the DNA
damage response in a transcriptional silencing pathway (56, 57).
The predominately proximal colocalization of NBS1 and MREI11 is,
nonetheless, a convincing demonstration that the MRN complex is
the dominant arrangement of both MRE11 and NBS1 at seDSBs.

In contrast, although 53BP1 and BRCA1 were found to coloc-
alize well at both 0 and 1 h (60.7 and 71.6%, respectively)—which is
to say their signals overlapped within individual damage foci—the
spatial arrangement of the proteins shows a distinct difference when
compared with the dual-labeled RAD51 or the MRE11-NBS1
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(Fig. 4 A and B). At 0 h, the internal arrangement of 53BP1/
BRCAT1 foci was found to have very little proximal signal, instead
depicting spatial separation of the two proteins. One hour following
damage, this separation had increased to display the most signifi-
cant degree of separation observed in this study. This spatial sep-
aration of 53BP1 and BRCAL is in good agreement with previous
reports of 53BP1 being moved to the periphery of repair foci (58,
59). However, because of the different damage induction method
employed in this previous work and the single-ended, individual
nature of the DSBs we observed, we did not detect 53BP1
encompassing the break but rather repositioned in a subfocus
nearby. Such redistribution is likely key in progression of the repair
pathway, albeit unnecessary for the initial resection steps to take
place. Indeed, we detect significant colocalization of MREI],
NBS1, CtIP, and BRCAL, as well as ssDNA generation and RPA
binding, contemporaneous with 53BP1 colocalization at 0 h but
prior to the most significant redistribution of 53BP1 seen at 1 h.
The protein—protein interrelationship quantification (Fig. 4 C-
E) of MRE11, CtIP, and BRCAL1 confirms previous observations
that these proteins strongly colocalize with each other at repair foci
with only minor fractions of any protein found to associate without
the other protein stained in each pairwise assessment. However,
the protein—protein association distribution maps of MRE11, CtIP,
and BRCAL1 reveal that even though the proteins often co-occupy
the same focus, in some individual foci they are proximal, indi-
cating that they are potentially complexed, and at other foci, they
are distally related and acting independent of each other. That is to
say that across a population of foci taken from many cells, some
foci displayed protein signals indicative of close association, thus
likely interacting with each other, while other foci displayed protein
signals indicative of spatial separation. These distinct subpopula-
tions persisted across all protein pairs for the duration of resection.
The detection of these proteins individually at se DSBs shows
that MRN, BRCAL1, and CtIP are frequently and independently
recruited to DSB DNA as single species that may or may not go on
to become complexed. Indeed, while CtIP and BRCA1 are initially
observed to associate closely with MRE11, after 2 h of recovery, they
are exclusively positioned distally to MRE11, although they continue
to associate with each other. This is not unexpected given the HR-
related activities that these individual proteins exhibit in vitro (43) and
the nonessential nature of their interaction (47); however, it contrasts
the typically complexed interactions described by current HR models.

EXO1 and DNA2 Both Combine with BLM to Carry Out Long-Range Resection
In Vivo. Coinciding with resection initiation and orchestration by MRN,
we observe EXO1 and DNA2 colocalization, presumably to undertake
the longer-range 5'-3’ resection (Fig. 3 E and F). These nucleases,
known to have redundancy in both yeast and human cells, have both
been shown to carry out extensive resection in vitro (60), with
DNA2 displaying both nuclease and helicase activity, whereas
EXO1 displays only nuclease functionality. Previous studies have
shown the faciliatory effects of both MRN and BLM on both nu-
cleases (60); however, it remains unknown whether one of these
helicases acts preferentially in vivo, especially at low levels of DNA
damage induction.

Furthermore, although BLM has previously been shown to
form distinct repair foci upon HR induction, its specific role at
seDSBs remains unclear (60-62). Beyond the potential for BLM
to be responsible for unwinding DNA in concert with EXO1 and
DNA nucleases, it has also been proposed as having stimulatory
roles (60). BLM is further hypothesized to facilitate the resolution
of D loops formed during invasion and templated DNA synthesis
(62). By tracking the kinetics of BLM at naDNA foci, we found that
it colocalizes with seDSBs throughout repair (Fig. 54), contrasting
with EXO1 and DNA2, which along with CtIP and MREL11, were
only detected at 0 to 2 h during resection (Fig. 3 4, C, E, and F).
Similar to BRCAL, which also has roles in late HR (Fig. 3B), this
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MRN, BRCA1, and CtIP associate with DSBs to orchestrate resection during the first 2 h of repair. (A) Kinetic trace of MRE11 colocalization with naDNA 0 to

16 h after 1 h of 100 nM CPT treatment. (B) Kinetic trace of BRCA1 colocalization with naDNA 0 to 16 h after 1 h of 100 nM CPT treatment. (C) Kinetic trace of CtIP
colocalization with naDNA 0 to 16 h after 1 h of 100 nM CPT treatment. (D) Kinetic trace of 53BP1 colocalization with naDNA 0 to 16 h after 1 h of 100 nM CPT
treatment. (E) Kinetic trace of EXO1 colocalization with naDNA 0 to 16 h after 1 h of 100 nM CPT treatment. (F) Kinetic trace of DNA2 colocalization with naDNA 0 to
16 h after 1 h of 100 nM CPT treatment. SEs are shown. ns shows P > 0.05 based on two-sample Student’s t test against undamaged cell colocalization levels. *P < 0.05
based on two-sample Student'’s t test against undamaged cell colocalization levels; **P < 0.01 based on two-sample Student’s t test against undamaged cell coloc-
alization levels; ***P < 0.001 based on two-sample Student'’s t test against undamaged cell colocalization levels; ****P < 0.0001 based on two-sample Student’s t test

against undamaged cell colocalization levels.

potentially shows BLM’s facilitation of D-loop resolution follow-
ing strand invasion (Fig. 44) (63). Importantly, BLM, EXO1, and
DNAZ2 all follow similar kinetics during the first 2 h of repair, with
EXO1 and DNA2 returning to control levels by the 4-h time point
(Fig. 3 E and F), while BLM drops significantly but not entirely to
baseline levels (Fig. 54). This is further evidence of the interplay
between these proteins during resection and BLM’s later roles,
which appear independent of EXO1 and DNA2 presence.

To further characterize the connection of BLM with early re-
section complexes, we measured its spatial association with MRE11
(Fig. 5B), which revealed a substantial degree of colocalization
within repair foci (70.0%) with a smaller fraction of MRE11-only
foci (25.0%). The negligible amount of BLM-only foci (5%) indi-
cates that BLM localization to seDSB is dependent on MRN first
being recruited and initiating resection. This further indicates that
BLM’s role in facilitating long-range EXO1- or DNA2-dependent
resection is also dependent on colocalization with MRN at 0 h. At 1
and 2 h, a significant amount of BLM localization to repair foci is
observed in the absence of MRE11 (27.9 and 14.2%, respectively),
indicating BLM’s ongoing function alongside EXO1 and/or DNA2
without MREI11. Interestingly, the spatial relationship between
BLM and MREI11 at seDSB foci is more distal than would be
expected if they were tightly coupled throughout the resection
process. Immediately following damage, the protein—protein asso-
ciation distribution shows MRE11/BLM in a combination of prox-
imal and distal arrangements. However, at 1- and 2-h recovery, this
distribution has shifted to comprise solely spatially separated distal
colocalizations. These observations demonstrate that although there
is some initial BLM/MRE11 close colocalization, potentially due to
interaction, later BLM activities at repair foci are spatially inde-
pendent of MREI11 and more likely tied to EXO1 and/or DNA2.
This is particularly clear from the association distribution maps
because during long-range resection, the 5-3’ directionality of
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EXO1 and DNA2 necessarily moves them away from the 3'-5'
activities of MRN.

These observations were further confirmed by assessment of
EXO1/BLM, DNA2/BLM, and EXO1/DNA2 analyses (Fig. 5 C-
E). EXO1 was found to localize to naDNA foci both alongside
BLM and independently (47.6 and 23.4%, respectively), while a
significant number of foci stained for EXO1 and BLM only
showed the latter protein present (29.0%) (Fig. 5C). In contrast,
DNA2? localization was found to be dependent on simultaneous
BLM recruitment, in line with DNA2’s limited helicase activity
(only 3.1% DNA2 recruitment in the absence of BLM) (Fig. 5D).
However, a significant proportion of foci showed BLM colocaliza-
tion in the absence of DNA2 (41.8%), likely demonstrating BLM’s
ability to stimulate the activities of other nucleases such as EXO1
and MREI11. In contrast to the spatial arrangement observed for
BLM/MREI11 and other protein pairs found to be spatially sepa-
rated (e.g., 53BP1/BRCALl) (Fig. 4B), EXO1, DNA2, and BLM
were found to be comparatively closely associated (Fig. 5 C-E). Of
the pairs interrogated, EXO1/BLM showed the most distal ar-
rangement, demonstrative of a closer association between BLM and
DNAZ2. Nonetheless, EXO1 and DNA2 were observed to be rela-
tively close to each other when contrasted to the separation of BLM
and MREIL. In three-color analysis of EXO1 and DNA2 at
naDNA foci, simultaneous colocalization of both EXO1 and DNA2
was found to be the most dominant arrangement (58.1%), although
colocalization of only one of the two nucleases was also significant
(EXOL1: 24.2%, DNA2: 17.7%) (Fig. 5SE). Collectively, our obser-
vations demonstrate that resection is not a single process being
undertaken by the MRN-Ct[P-BRCA1 multimer but an iterative
process that is being performed cooperatively by a number of par-
tially redundant nucleases and their cofactors, with BLM acting
dynamically alongside many, if not all, of them (60). Furthermore,
BLM was found to predominantly work directly with DNA2, as
expected, although simultaneous occupation of individual DSB foci
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Fig. 4. The spatial organization of NBS1, 53BP1, MRE11, BRCA1, and CtIP demonstrates high levels of colocalization at the same repair foci with dynamic spatially proximal
and distal arrangements. (A) Analysis of the internal organization of MRE11 and NBS1 costained and colocalized with naDNA after 1 h of 100 nM CPT treatment. MRE11/
NBS1 shows a high level of colocalization at repair foci with a minor fraction (12.0%) MRE11 only (cumulative bar graph). Colocalized MRE11 and NBS1 have a strongly
proximal association distribution at 0 h, indicative of closely associated proteins. (B) Analysis of the internal organization of 53BP1 and BRCA1 costained and colocalized with
naDNA at 0 and 1 h after 1 h of 100 nM CPT treatment; 53BP1/BRCA1 shows a high level of colocalization at repair foci with minor fractions (5 to 25%) demonstrably MRE11-
only or 53BP1-only foci (cumulative bar graph). Colocalized 53BP1 and BRCA1 have a moderately distal association distribution at 0 h that increases in separation at 1 h. (C)
Analysis of the internal organization of MRE11 and BRCA1 costained and colocalized with naDNA at 0, 1, and 2 h after 1 h of 100 nM CPT treatment. MRE11/BRCA1 shows a
high level of colocalization at repair foci with minor fractions (9 to 24%) demonstrably MRE11-only or BRCA1-only foci (cumulative bar graph). Colocalized MRE11 and BRCA1
have a predominantly proximal association distribution at 0 h, both proximal and distal subpopulations at 1 h, and a predominantly distal distribution by 2 h. (D) Analysis of
the internal organization of CtIP and BRCA1 costained and colocalized with naDNA at 0, 1, and 2 h after 1 h of 100 nM CPT treatment. BRCA1/CtIP shows a similarly high
degree of colocalization across time points and even smaller fractions (<8 to 16%) as CtIP-only and BRCA1-only foci. Colocalized CtIP and BRCA1 are predominantly proximal
in their association distribution across all times with a persistent population of distal, uncomplexed species. (E) Analysis of the internal organization of MRE11 and CtIP
costained and colocalized with naDNA at 0, 1, and 2 h after 1 h of 100 nM CPT treatment. CtIP/MRE11 also shows a high degree of colocalization and minor fractions (8 to
26%) of CtIP-only and MRE11-only foci. Colocalized CtIP and MRE11 initially displayed almost equal fractions in distal and proximal arrangements before a shift toward a
more proximal distribution at 1 h and then, toward a predominantly distal distribution at 2 h. In all images, the overlaid red contour map outline shows the modeled
distribution of closely associated proteins. Representative distal and proximal foci are also shown. (Scale bars: 250 nm.)

by multiple different nucleases was more common than any singular ~ of recovery from CPT/mock treatment in both Mirin and Mirin +

resection process occurring individually.

To further interrogate the resection process and verify our ob-
servations of resection progression in cells, we quantified resection
via RPA loading following CPT treatment in the presence of the
small molecule drug Mirin, a well-characterized MRE11 endonu-
clease inhibitor (64). In contrast to the successful resection detected
in CPT-only treated cells (red trace in Fig. 64), those exposed to
Mirin showed no increase in RPA-coated ssDNA over the first 8 h
of CPT recovery (black trace in Fig. 64). At this point, RPA
colocalization was observed to steadily increase above RPA asso-
ciation levels detected in CPT-only treated cells, indicating accu-
mulation of an even greater amount of naDNA-associated ssDNA
within these cells than in those having undergone resection for HR.
We were unable to determine the specific pathway for this RPA
accumulation but noted significant loss of cell viability after the 16 h

Whelan and Rothenberg

Super-resolution mapping of cellular double-strand break resection complexes during

homologous recombination

CPT-treated cells. We attributed this to the combined stress of the
weeklong experiment including cell starvation and many cell cycle
and cell signaling effects caused by off-target drug actions and more
than 24 h of MRE11 exonuclease inhibition. While we do not aim
to interpret these later events, we consider the lack of resection in
the Mirin-treated cells a strong indication that the temporal map-
ping of resection progression in the CPT-only treated cells—and
therefore, unperturbed HR repair—is accurate.

To further determine changes to protein recruitment during
drug-induced MREI11 inhibition, we selectively inhibited both the
endo- and exonuclease activity of MRE11 using PFMO01 (20) and
Mirin (64), respectively. Previously, Shibata et al. (20) demonstrated
that MRE11’s endonuclease activity is upstream of its exonuclease
activity and that HR deficiency from endonuclease but not exonu-
clease inhibition can be rescued by the NHEJ repair pathway.
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However, the seDSBs generated in our assays preclude repair
of this lesion by the NHEJ.

Ku, an NHE]J first responder protein, has been reported as
occupying DSBs prior to resection and its removal identified as a
potential pathway-determining step (19, 27). In good agreement
with these recent observations, we detected Ku at seDSBs im-
mediately following CPT treatment, and by 1 h, we observed that
Ku had been fully removed (Fig. 6B). Combined CPT + Mirin
treatment did not affect either the initial recruitment of Ku nor its
removal by 60 min, indicating that although resection is inhibited,
neither Ku recruitment nor removal are affected by exonuclease
inhibition alone. In contrast, CPT + PFM01 and CPT + Mirin +
PFMO1 caused increased Ku recruitment and its persistence at the
break 60 min following CPT release. This was in good agreement
with previous observations of NHEJ repair in PFM01-treated cells
and provides further evidence that MRE11 endonuclease activity
is required for Ku removal (20).

Surprisingly, in both Mirin- and PFM01-treated cells, significant
amounts of MRE11 recruitment were consistently observed and
persisted beyond the 2 to 4 h during which resection and most
MREI11 removal occurred in cells treated only with CPT (Fig. 6C).
In the case of exonuclease inhibition (Mirin), increased levels of
MREI1 recruitment were detected at 0, 1, 2, and 4 h following
damage, despite no resected DNA being produced. With endonu-
clease inhibition (PFMO01), initial MRE11 levels were similar to cells
treated only with CPT but still significantly higher than in undam-
aged cells at 0, 1, and 2 h. After 4 h, in PFMO1-treated cells MRE11
association with repair foci remained significantly higher than both
control and CPT-only treated cells. Thus, we conclude that neither
exo- nor endonuclease inhibition of MRE11 impact its ability to be
recruited to DSBs (Fig. 6C). However, when both drugs were
combined, no significant MREI11 recruitment was observed at any
time point. This somewhat counterintuitive observation potentially
indicates a combined effect of the endo- and exonuclease activity of
MRE11, although we cannot discount signaling inhibition, partic-
ularly in light of the lack of potential NHEJ rescue in the presence
of blunt seDSBs. It is also very probable that various off-target ef-
fects occurred due to the combined effects of cell synchronization
and three drug treatments, including dual inhibition of MREI],
which is known to have multiple roles beyond HR (65).

Because MREI11 also plays key roles in DNA damage re-
sponse signaling and recruiting and stimulating other HR co-
factors (66), we next tested the effects of endo- and exonuclease
inhibition on BRCAL recruitment (Fig. 6D). However, we note that
we could not interpret these observations as due to the drug’s direct
effects on resection, on MREI11 itself, or on other signaling. As
shown earlier, BRCAL1 is recruited to seDSBs immediately after
damage induction and persists at the break site throughout HR
(Fig. 3B). Upon exonuclease inhibition (Mirin), we detect similar
levels of BRCA1 recruitment immediately following damage, but
by 2 h, BRCAL levels in Mirin-treated cells have depleted to
control levels (Fig. 6D). In endonuclease-inhibited cells (PFM01),
no recruitment of BRCAL1 was detected at any time point; indeed,
at 4 h after damage, BRCA1 levels in PFMO01-treated cells were
significantly lower than even in control cells. Similarly, in cells
treated with both Mirin and PFMO01, control or lower than control
levels were detected at 0 to 4 h after damage. This further supports
the determination of Shibata et al. (20) of MRE11’s endonuclease
activity as critically upstream of MREI11 exonuclease activity. In
agreement, our data show a complete loss of BRCA1 recruitment in
cells lacking MRE11 endonuclease ability.

Together, these observations confirm the upstream role of en-
donuclease MREL11 activity and indicate its potential role in Ku
removal and HR repair pathway choice (20, 66). In both nuclease
inhibitions, we also demonstrate successful recruitment of MRE11
and high persistence, potentially due to ongoing attempts to ini-
tiate repair in the absence of any other potential repair pathway.
Furthermore, the perturbations to the HR repair of seDSBs
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detected upon resection inhibition confirm the spatiotemporal
insights into uninhibited HR discerned using the same assays with
CPT-only treated cells.

Discussion

Herein, we have described and applied DNA damage SR imaging
assays, which enable the spatiotemporal mapping of repair path-
ways at the single-molecule, individual DSB level, within a low-
damage dose setting. Furthermore, the data presented establish
the schedule of key protein arrivals, accumulations, and interac-
tions associated with the resection process of seDSBs formed at
collapsed RFs and undergoing HR-dependent repair. Of particular
interest is our detection of contemporaneous BRCA1/53BP1
colocalization with repair foci. We show that despite their antag-
onism of each other and the specifically HR-dependent repair of
seDSBs during S phase, 53BP1 remains at the break site for over
an hour following damage without abrogating resection or re-
moving BRCALI (Figs. 1/ and 3 B and D). This finding contradicts
previous conclusions, drawn predominantly from biochemical data,
which highlighted the mutual antagonism and exclusion of BRCA1
and 53BP1 at DSBs (50, 51, 67). Our data are in closer agreement
with a more recent study using structured illumination microscopy,
also showing BRCAT’s ability to rearrange 53BP1 and chromatin
to the periphery of break sites (52). Interestingly, this study de-
scribed redistribution of the 53BP1 to encircle the damage foci,
whereas we see the subfocus of 53BP1 moved to a single punctum
nearby the active repair proteins. This likely reflects the use of
microirradiation-induced damage in this and many other previous
studies, resulting in high levels of clustered DSBs as well as other
types of lesions. In contrast, a key advantage of our assays is that we
are able to induce and visualize low levels of individual seDSBs
that mimic the single-ended nature of endogenous DSBs at RFs
(11). Our observations thus better reflect the repair processes of
endogenous DSBs and with regard to 53BP1 recruitment, are indeed
in agreement with two recent studies that described the interplay of
chromatin compaction with 53BP1 association (68, 69). In this pre-
vious work, 53BP1 recruitment was shown to be dependent on the
chromatin modification H4K20me2, which is diluted following rep-
lication (68), and at a megabase scale, over entire YH2AX (phos-
phorylation of serine-139 H2A histone family X) domains (69).
Although these studies highlight the enhanced recruitment of 53BP1
during G1, in order to facilitate NHEJ, they importantly demon-
strate the role of chromatin state, and not BRCAI, in mediating
53BP1 accumulation. In light of our findings, we hypothesize that in
the case of individual seDSBs (70), rearrangements of 53BP1 and
associated chromatin on the macroscale do not occur as they do in
clustered damage. Furthermore, our observations demonstrate that
53BP1 colocalization with BRCA1 at the break does not block
subsequent successful HR. This calls into question the importance of
the physical exclusion of 53BP1 for repair of seDSBs, particularly
during early resection steps, and highlights the key role of signaling
and RIF1 inhibition in HR pathway choice (71).

To determine the temporal progression of resection, we quan-
tified both ssDNA using BrdU incorporation and immunolabeled
RPA over 16 h. This analysis demonstrated that resection was
completed during the first 2 to 4 h following seDSB induction and
that the resected DNA was then maintained for a further 6 to 10 h
during which homology search, strand invasion, and synthesis were
carried out prior to eventual competition of repair (Fig. 2) (27).
Based on this temporal progression of resection, we were then
able to specifically interrogate resection proteins and complexes
during the initial 2 to 4 h of repair. We show that BRCAL local-
ization to the break coincides with the arrival and persistence of its
cofactor CtIP and MRE11 as part of the MRN complex, as well as
the repair helicase BLM (Figs. 3 and 4A4) (42, 60). Three-color
spatial analysis of MRE11 and NBS1 confirmed that most of these
proteins existed in close proximity, likely representing the MRN
multimer, but hinted at the possibility of some NBS1 acting
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1 during resection. (A) Kinetic trace of BLM colocalization with naDNA 0 to 16 h

after 1 h of 100 nM CPT treatment. **P < 0.01 based on two-sample Student’s t test against undamaged cell colocalization levels; ***P < 0.001 based on two-
sample Student’s t test against undamaged cell colocalization levels. (B) Analysis of the internal organization of MRE11 and BLM costained and colocalized
with naDNA 0, 1, and 2 h after 1 h of 100 nM CPT treatment. MRE11/BLM shows a moderate, increasing to high level of colocalization at repair foci, with
significant MRE11 only observed at the 0-h time point. Colocalized MRE11 and BLM have a mixed proximal and distal arrangement immediately following
damage, indicating both complexed and spatially separated species. At 1 and 2 h, the spatial arrangement indicates separation of MRE11 and BLM. (C)
Analysis of the internal organization of EXO1 and BLM costained and colocalized with naDNA 1 h after treatment with 100 nM CPT for 1 h. Significant levels
of EXO1/BLM colocalization at damage foci are detected along with EXO1 and BLM localizations independent of each other. Spatially, colocalized EXO1/BLM
shows a moderately distal arrangement indicating the predominance of spatial independence. (D) Analysis of the internal organization of DNA2 and BLM
costained and colocalized with naDNA 1 h after treatment with 100 nM CPT for 1 h. Significant levels of DNA2/BLM colocalization at damage foci are detected
along with BLM localizations independent of DNA2 presence. Minimal DNA2 localization to damage foci is detected independent of BLM, indicating DNA2's
dependence on BLM. Spatially, colocalized DNA2/BLM shows a more proximal arrangement compared with EXO1/BLM, indicating increased interaction,
although still with some proteins spatially separated within the foci. (E) Analysis of the internal organization of EXO1 and DNA2 costained and colocalized
with naDNA 1 h after treatment with 100 nM CPT for 1 h. Significant levels of EXO1/DNA2 colocalization at damage foci are detected along with EXO1 and
DNA2 localizations independent of each other. Spatially, colocalized EXO1/DNA2 shows a moderately proximal arrangement similar to DNA2/BLM, indicating
some instances of both interaction and spatial separation. SEs are shown.

individually, potentially in the early stages of MRE11-independent
signaling pathways as previously hypothesized (56, 57).

Kinetic analyses of single foci of collapsed RFs revealed the
assembly, interactions, and disassembly of resection complexes
including MRN, BRCAL1, CtIP, and BLM over the course of the
first 2 h (Fig. 4). Our direct detection of the varied and contem-
poraneous presence of these proteins at individual seDSBs dem-
onstrates their dynamic interplay, indicating that both complexed
MRN-CtIP-BRCAL and individual proteins exist and have roles in
seDSB repair. Indeed, through spatial analysis we were able to
differentiate between potential complexes involving MRN, CtIP,
BRCAL, and BLM. During the later stages of resection (2 h after
CPT removal), we observed no proximal association between CtIP/
BRCA1 and MRN, although CtIP and BRCA1 remained colo-
calized with each other. This contrasted with early resection, im-
mediately following CPT treatment, when the majority of MRN,
CtIP, and BRCALI were all associated closely with potential for
complex formation and activity, although still with a subpopulation
of these proteins acting individually. Our data thus demonstrate
important roles for these proteins both in various complex config-
urations and individually, as has been suggested by biochemical data
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(44, 46, 47, 50, 60). It also indicates potentially different roles for
MRN, CtIP, and BRCA1 during early and late resection.

In combination with previous experiments that determined the
interactions of the nucleases DNA2 and EXO1 alongside MRE11
and BLM (42, 45, 60), our observations of these proteins coloc-
alizing allow us to infer both nucleases appear to play an active
role in resection with no clear preference for one or the other at
seDSBs. Although some association between BLM and MRE11
was detected immediately following damage, at 1 and 2 h, these
proteins were spatially well separated, indicative of BLM’s role
alongside DNA2 and EXO1, which we propose are acting in-
creasingly divergent to any ongoing MRE11 endonuclease activity,
recruitment, or signaling. Of DNA2 and EXO1, we observed a
high dependence of the former on BLM colocalization within the
damage focus and a closer spatial arrangement. Combined with
detection of more than half DSBs harboring both nucleases si-
multaneously, this demonstrates BLM’s direct role with DNA2
and more independent activity by EXO1.

We also detected persistent association of BRCA1 at seDSB
foci along with the repair helicase BLM throughout HR, demon-
strative of later-stage functions for both these proteins beyond re-
section (Figs. 3B and 54). Combined with our and others’ previous
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Fig. 6. MRE11 nuclease inhibition using Mirin and PFM01 completely abrogates resection at DSBs, causing delayed repair and apoptosis even after removal
of Mirin. (A) Kinetic trace of RPA colocalization with naDNA 0 to 16 h after 1 h of CPT treatment in combination with Mirin (black trace) or with a DMSO
control (red). Adapted with permission from ref. 27, which is licensed under CCBY 4.0. (B) Quantification of Ku association with repair foci in control cells, cells
treated with CPT, both CPT + Mirin, both CPT + PFMO1, and with CPT + Mirin + PFMO1. (C) Quantification of MRE11 association with repair foci in control cells,
cells treated with CPT, both CPT + Mirin, both CPT + PFMO01, and with CPT + Mirin + PFMO01. (D) Quantification of BRCA1 association with repair foci in control
cells, cells treated with CPT, both CPT + Mirin, both CPT + PFMO01, and with CPT + Mirin + PFMO01. Controls are shown for comparison. DMSO signifies dimethyl
sulfoxide controls. Student’s t test results show significance of difference between CPT-only and CPT + Mirin treatments at indicated times post-CPT. SEs are
shown. ns shows P > 0.05. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

work (27, 40, 72), this observation provides further evidence of a
potential role for BRCAL in facilitating BRCA2 mediation of
RADS51 activity during homology search and strand invasion. Sim-
ilarly, it shows that BLM is responsible for unwinding during re-
section (60, 73) and most likely acts as a helicase in later repair
resolution events (61, 62).

Finally, we further interrogated resection during HR by per-
turbing the pathway via MRE11 exo- and endonuclease inhibition
using Mirin (64) and PFMO1 (20), respectively (Fig. 6). Previously,
it has been demonstrated that MRE11’s endonuclease activity is
upstream of its exonuclease activity. As such, DNA damage in-
duced alongside inhibition of MRE11’s endonuclease but not
exonuclease activity can be repaired by the NHEJ pathway because
in endonuclease-inhibited cells resection does not commence (20).
Pretreatment of cells with Mirin prior to CPT damage resulted in
incomplete abrogation of resection as detected by RPA accumu-
lation while also causing an accumulation of MREI11 despite its
inability to stimulate resection. Treatment with PFMO1 also resulted
in some MREI11 recruitment upon CPT-induced damage, although
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not as strongly as in the Mirin-treated cells. In both cases, MRE11
remained associated with the damage foci 4 h after damage, while in
CPT-only treated cells, resection had been successfully undertaken
and MREI1 dissociated. Interestingly, a combined treatment of
Mirin and PFMO1 resulted in no recruitment of MRE11 at any time,
likely reflecting the combined lack of any nuclease activity. Sup-
porting the previous findings of potential rescue by NHEJ in re-
sponse to HR failure, we detected recruitment and persistence of the
NHEJ protein Ku in both single-inhibitor and combined treatments.
Moreover, we determined that inhibition of exonuclease but not
endonuclease activity with Mirin allowed the recruitment of BRCAL,
whereas endonuclease inhibition blocked this recruitment, further
demonstrating the HR licensing ability of MRE11 endonuclease
activity.

Combined, our observations define the complex kinetic inter-
actions between different DSB repair factors at collapsed RFs and
highlight the multiple and varied roles of several key HR proteins
that are engendered by the dynamic assembly and disassembly of
different multimeric complexes.

Whelan and Rothenberg

Super-resolution mapping of cellular double-strand break resection complexes during

homologous recombination


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1073/pnas.2021963118

Methods
Full methodological details are in S/ Appendix, Methods.

Cell Preparation. U20S cells (American type culture collection: HTB-96) were
grown, serum synchronized, and drugged in McCoy's 5A (Modified) medium.
To induce RF stress and seDSB generation, cells were then treated with
100 nM CPT (Abcam; 120115) (11). Cells were preextracted and fixed as
described previously (34, 40, 74) immediately following damage or released
back into drug-free complete medium for a further 1, 2, 4, 8, 12, or 16 h. To
inhibit MRE11 exo-/endonuclease ability, cells were cultured in the presence
of either 25 pM Mirin (Fisher; 319010) or 25 pM PFMO1 (Sigma; SML1735),
respectively.

For fluorescent tagging of the pulse-labeled naDNA, the copper-catalyzed
“Click” reaction was used as described in the Click-iT (ThermoFisher; C10640)
protocol (75) with EdU contemporaneously with CPT damage. For visuali-
zation of ssDNA, cells were cultured with BrdU, which was detected using
mouse monoclonal anti-BrdU (Abcam; 8039) without denaturation (24).
Antibody labeling of proteins was achieved via direct and indirect labeling
with Alexa Fluor 488 and 568 antibodies as detailed in S/ Appendix, Table S3.

SR Imaging and Analysis. Prepared cells were imaged in the presence of an SR
imaging buffer comprising an oxygen scavenging system (1 mg/mL glucose
oxidase [Sigma-Aldrich; G2133], 0.02 mg/mL catalase [Sigma-Aldrich; C3155],
and 10% glucose [Sigma-Aldrich; G8270] in phosphate-buffered saline) and
100 mM mercaptoethylamine (Fisher Scientific; BP2664100) (76). As described

1. A. Brambati, A. Colosio, L. Zardoni, L. Galanti, G. Liberi, Replication and transcription
on a collision course: Eukaryotic regulation mechanisms and implications for DNA
stability. Front. Genet. 6, 166 (2015).

2. A. Mehta, J. E. Haber, Sources of DNA double-strand breaks and models of recom-
binational DNA repair. Cold Spring Harb. Perspect. Biol. 6, a016428 (2014).

3. M. M. Vilenchik, A. G. Knudson, Endogenous DNA double-strand breaks: Production,
fidelity of repair, and induction of cancer. Proc. Natl. Acad. Sci. U.S.A. 100,
12871-12876 (2003).

4. E. Sonoda, C. Morrison, Y. M. Yamashita, M. Takata, S. Takeda, Reverse genetic
studies of homologous DNA recombination using the chicken B-lymphocyte line,
DT40. Philos. Trans. R. Soc. Lond. B Biol. Sci. 356, 111-117 (2001).

5. T. Aparicio, R. Baer, J. Gautier, DNA double-strand break repair pathway choice and
cancer. DNA Repair (Amst.) 19, 169-175 (2014).

6. A. Mazouzi, G. Velimezi, J. |. Loizou, DNA replication stress: Causes, resolution and
disease. Exp. Cell Res. 329, 85-93 (2014).

7. J. R. Chapman, M. R. G. Taylor, S. J. Boulton, Playing the end game: DNA double-
strand break repair pathway choice. Mol. Cell 47, 497-510 (2012).

8. R. Ceccaldi, B. Rondinelli, A. D. D'Andrea, Repair pathway choices and consequences
at the double-strand break. Trends Cell Biol. 26, 52-64 (2016).

9. W.-D. Heyer, K. T. Ehmsen, J. Liu, Regulation of homologous recombination in eu-
karyotes. Annu. Rev. Genet. 44, 113-139 (2010).

10. L. Krejci, V. Altmannova, M. Spirek, X. Zhao, Homologous recombination and its
regulation. Nucleic Acids Res. 40, 5795-5818 (2012).

11. N. Saleh-Gohari et al., Spontaneous homologous recombination is induced by col-
lapsed replication forks that are caused by endogenous DNA single-strand breaks.
Mol. Cell. Biol. 25, 7158-7169 (2005).

12. N. A. Willis et al., BRCA1 controls homologous recombination at Tus/Ter-stalled
mammalian replication forks. Nature 510, 556-559 (2014).

13. A. H. Syeda, M. Hawkins, P. McGlynn, Recombination and replication. Cold Spring
Harb. Perspect. Biol. 6, a016550 (2014).

14. ). San Filippo, P. Sung, H. Klein, Mechanism of eukaryotic homologous recombination.
Annu. Rev. Biochem. 77, 229-257 (2008).

15. G. Mazoén, E. P. Mimitou, L. S. Symington, SnapShot: Homologous recombination in
DNA double-strand break repair. Cell 142, 646-646.e1 (2010).

16. A. Maréchal, L. Zou, DNA damage sensing by the ATM and ATR kinases. Cold Spring
Harb. Perspect. Biol. 5, a012716 (2013).

17. 1. Brandsma, D. C. Gent, Pathway choice in DNA double strand break repair: Obser-
vations of a balancing act. Genome Integr. 3, 9 (2012).

18. L. S. Symington, J. Gautier, Double-strand break end resection and repair pathway
choice. Annu. Rev. Genet. 45, 247-271 (2011).

19. P. Chanut, S. Britton, J. Coates, S. P. Jackson, P. Calsou, Coordinated nuclease activities
counteract Ku at single-ended DNA double-strand breaks. Nat. Commun. 7, 12889
(2016).

20. A. Shibata et al., DNA double-strand break repair pathway choice is directed by dis-
tinct MRE11 nuclease activities. Mol. Cell 53, 7-18 (2014).

21. C.J. Ma, B. Gibb, Y. Kwon, P. Sung, E. C. Greene, Protein dynamics of human RPA and
RADS51 on ssDNA during assembly and disassembly of the RAD51 filament. Nucleic
Acids Res. 45, 749-761 (2017).

Whelan and Rothenberg

Super-resolution mapping of cellular double-strand break resection complexes during

homologous recombination

previously, all images were acquired on a custom-built SR microscope based on
a Leica DMI 3000 inverted microscope (77) with 200 frames collected at 33 Hz
for each color channel. Multicolor channels were corrected using a polynomial
morph-type mapping algorithm before and a table of molecular localizations
generated using the ImageJ (78) plugin QuickPALM (79). Rendered multicolor
SR images were analyzed using three complementary approaches as detailed
in Fig. 1 C—E and further discussed in S/ Appendix, Methods. N values are in S/
Appendix, Tables S1 and S2.

Statistics. Statistical analysis was carried out in OriginLab (8.5). All naDNA/
protein overlap colocalization factors calculated were tested for significance
against control samples (two-sample t test). All experiments were carried out
in triplicate with total N sizes deemed acceptable. Unequal variances, par-
ticularly across temporal series, are expected.

Data Availability. Data will be made available upon reasonable request via
data transfer or hard drive shipment.

ACKNOWLEDGMENTS. We thank Anastasiya Epshtein for experimental assis-
tance. D.R.W. is the recipient of Australian Research Council Discovery Early
Career Research Award DE200100584 funded by the Australian Government
(https:/Awww.arc.gov.au/). E.R. acknowledges funding support from NIH Grants
1R35GM134947-01 and 1P01CA247773-01/5491 (https:/nih.gov/), American
Cancer Society Grant RSG DMC-16-241-01-DMC (https://www.cancer.org/),
and V Foundation for Cancer Research Grant D2018-020 (https://www.v.org/).

22. S. W. Morrical, DNA-pairing and annealing processes in homologous recombination
and homology-directed repair. Cold Spring Harb. Perspect. Biol. 7, a016444 (2015).

23. C. Dinant et al., Activation of multiple DNA repair pathways by sub-nuclear damage
induction methods. J. Cell Sci. 120, 2731-2740 (2007).

24. E. Raderschall, E. I. Golub, T. Haaf, Nuclear foci of mammalian recombination proteins
are located at single-stranded DNA regions formed after DNA damage. Proc. Natl.
Acad. Sci. U.S.A. 96, 1921-1926 (1999).

25. X. Kong et al., Comparative analysis of different laser systems to study cellular re-
sponses to DNA damage in mammalian cells. Nucleic Acids Res. 37, €68 (2009).

26. D. R. Whelan, T. D. M. Bell, Super-resolution single-molecule localization microscopy:
Tricks of the trade. J. Phys. Chem. Lett. 6, 374-382 (2015).

27. D.R. Whelan et al., Spatiotemporal dynamics of homologous recombination repair at
single collapsed replication forks. Nat. Commun. 9, 3882 (2018).

28. J. A. Kochan et al., Meta-analysis of DNA double-strand break response kinetics.
Nucleic Acids Res. 45, 12625-12637 (2017).

29. D. T. Goodhead, Initial events in the cellular effects of ionizing radiations: Clustered
damage in DNA. Int. J. Radiat. Biol. 65, 7-17 (1994).

30. A. Tubbs, A. Nussenzweig, Endogenous DNA damage as a source of genomic insta-

bility in cancer. Cell 168, 644-656 (2017).

. S. Maynard, E. F. Fang, M. Scheibye-Knudsen, D. L. Croteau, V. A. Bohr, DNA damage,
DNA repair, aging, and neurodegeneration. Cold Spring Harb. Perspect. Med. 5,
2025130 (2015).

32. Y.Yin, W.T. C. Lee, E. Rothenberg, Ultrafast data mining of molecular assemblies in

multiplexed high-density super-resolution images. Nat. Commun. 10, 119 (2019).

33. P. Tonzi, Y. Yin, C. W. T. Lee, E. Rothenberg, T. T. Huang, Translesion polymerase
kappa-dependent DNA synthesis underlies replication fork recovery. eLife 7, e41426
(2018).

34. D. R. Whelan, E. Rothenberg, “Super-resolution imaging of homologous recombi-
nation repair at collapsed replication forks” in Homologous Recombination: Methods
and Protocols, A. Aguilera, A. Carreira, Eds. (Methods in Molecular Biology, Humana,
New York, NY, 2021), vol. 2153, chap. 24, pp. 355-363.

35. D.R. Whelan et al., Single molecule localization microscopy of DNA damage response
pathways in cancer. Microsc. Microanal. 22, 1016-1017 (2016).

36. W. Daddacha et al., SAMHD1 promotes DNA end resection to facilitate DNA repair by
homologous recombination. Cell Rep. 20, 1921-1935 (2017).

37. A. Ray Chaudhuri et al., Topoisomerase | poisoning results in PARP-mediated repli-
cation fork reversal. Nat. Struct. Mol. Biol. 19, 417-423 (2012).

38. L. F. Liu et al., Mechanism of action of camptothecin. Ann. N. Y. Acad. Sci. 922, 1-10
(2000).

39. A.Raulf et al,, Click chemistry facilitates direct labelling and super-resolution imaging
of nucleic acids and proteinstElectronic supplementary information (ESI) available.
See DOI: 10.1039/c4ra01027bClick here for additional data file. RSC Advances 4,
30462-30466 (2014).

40. D. R. Whelan et al., Super-resolution visualization of distinct stalled and broken

replication fork structures. PLoS Genet. 16, e1009256 (2020).

. K. Bermudez-Hernandez et al., A method for quantifying molecular interactions us-
ing stochastic modelling and super-resolution microscopy. Sci. Rep. 7, 14882 (2017).
42. T. Liu, J. Huang, DNA end resection: Facts and mechanisms. Genomics Proteomics

Bioinformatics 14, 126-130 (2016).

3

4

PNAS | 11of 12
https://doi.org/10.1073/pnas.2021963118

CELL BIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021963118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021963118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021963118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021963118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021963118/-/DCSupplemental
https://www.arc.gov.au/
https://nih.gov/
https://www.cancer.org/
https://www.v.org/
https://doi.org/10.1073/pnas.2021963118

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54,

55.

56.

57.

58.

59.

60.

12

. L. Chen, C. J. Nievera, A. Y. L. Lee, X. Wu, Cell cycle-dependent complex formation of
BRCA1.CtIP.MRN is important for DNA double-strand break repair. J. Biol. Chem. 283,
7713-7720 (2008).

B. J. Lamarche, N. I. Orazio, M. D. Weitzman, The MRN complex in double-strand
break repair and telomere maintenance. FEBS Lett. 584, 3682-3695 (2010).

K. K. Karanja, S. W. Cox, J. P. Duxin, S. A. Stewart, J. L. Campbell, DNA2 and EXO1 in
replication-coupled, homology-directed repair and in the interplay between HDR and
the FA/BRCA network. Cell Cycle 11, 3983-3996 (2012).

T. Aparicio, J. Gautier, BRCA1-CtIP interaction in the repair of DNA double-strand
breaks. Mol. Cell. Oncol. 3, €1169343 (2016).

C. R. Reczek, M. Szabolcs, J. M. Stark, T. Ludwig, R. Baer, The interaction between CtIP
and BRCA1 is not essential for resection-mediated DNA repair or tumor suppression.
J. Cell Biol. 201, 693-707 (2013).

C. Escribano-Diaz et al., A cell cycle-dependent regulatory circuit composed of 53BP1-
RIF1 and BRCA1-CtIP controls DNA repair pathway choice. Mol. Cell 49, 872-883
(2013).

A. Gupta et al., Role of 53BP1 in the regulation of DNA double-strand break repair
pathway choice. Radiat. Res. 181, 1-8 (2014).

J. M. Daley, P. Sung, 53BP1, BRCA1, and the choice between recombination and end
joining at DNA double-strand breaks. Mol. Cell. Biol. 34, 1380-1388 (2014).

. L. Feng et al., Cell cycle-dependent inhibition of 53BP1 signaling by BRCA1. Cell
Discov. 1, 15019 (2015).

J.R. Chapman, A. J. Sossick, S. J. Boulton, S. P. Jackson, BRCA1-associated exclusion of
53BP1 from DNA damage sites underlies temporal control of DNA repair. J. Cell Sci.
125, 3529-3534 (2012).

C. J. Sakofsky, A. Malkova, Break induced replication in eukaryotes: Mechanisms,
functions, and consequences. Crit. Rev. Biochem. Mol. Biol. 52, 395-413 (2017).
W.-H. Chung, Z. Zhu, A. Papusha, A. Malkova, G. Ira, Defective resection at DNA
double-strand breaks leads to de novo telomere formation and enhances gene tar-
geting. PLoS Genet. 6, €1000948 (2010).

R. Roy, J. Chun, S. N. Powell, BRCA1 and BRCA2: Different roles in a common pathway
of genome protection. Nat. Rev. Cancer 12, 68-78 (2011).

A. Ciccia et al., Treacher Collins syndrome TCOF1 protein cooperates with NBS1 in the
DNA damage response. Proc. Natl. Acad. Sci. U.S.A. 111, 18631-18636 (2014).

D. H. Larsen et al., The NBS1-Treacle complex controls ribosomal RNA transcription in
response to DNA damage. Nat. Cell Biol. 16, 792-803 (2014).

J. Reind| et al., Nanoscopic exclusion between Rad51 and 53BP1 after ion irradiation
in human Hela cells. Phys. Biol. 12, 066005 (2015).

J. Reindl et al., Chromatin organization revealed by nanostructure of irradiation in-
duced yH2AX, 53BP1 and Rad51 foci. Sci. Rep. 7, 40616 (2017).

A. V. Nimonkar et al., BLM-DNA2-RPA-MRN and EXO1-BLM-RPA-MRN constitute two
DNA end resection machineries for human DNA break repair. Genes Dev. 25, 350-362
(2011).

of 12 | PNAS
https://doi.org/10.1073/pnas.2021963118

61

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Super-

. W. K. Chu, K. Hanada, R. Kanaar, I. D. Hickson, BLM has early and late functions in
homologous recombination repair in mouse embryonic stem cells. Oncogene 29,
4705-4714 (2010).

L. Wu, I. D. Hickson, The Bloom’s syndrome helicase suppresses crossing over during
homologous recombination. Nature 426, 870-874 (2003).

D. V. Bugreey, X. Yu, E. H. Egelman, A. V. Mazin, Novel pro- and anti-recombination
activities of the Bloom’s syndrome helicase. Genes Dev. 21, 3085-3094 (2007).

A. Dupré et al., A forward chemical genetic screen reveals an inhibitor of the Mre11-
Rad50-Nbs1 complex. Nat. Chem. Biol. 4, 119-125 (2008).

T. T. Paull, 20 years of Mre11 biology: No end in sight. Mol. Cell 71, 419-427 (2018).
T. H. Stracker, J. H. J. Petrini, The MRE11 complex: Starting from the ends. Nat. Rev.
Mol. Cell Biol. 12, 90-103 (2011).

S. F. Bunting et al., 53BP1 inhibits homologous recombination in Brca1-deficient cells
by blocking resection of DNA breaks. Cell 141, 243-254 (2010).

S. Pellegrino, J. Michelena, F. Teloni, R. Imhof, M. Altmeyer, Replication-coupled di-
lution of H4K20me2 guides 53BP1 to pre-replicative chromatin. Cell Rep. 19,
1819-1831 (2017).

T. Clouaire et al., Comprehensive mapping of histone modifications at DNA double-
strand breaks deciphers repair pathway chromatin signatures. Mol. Cell 72,
250-262.e6 (2018).

G. Balmus et al., ATM orchestrates the DNA-damage response to counter toxic non-
homologous end-joining at broken replication forks. Nat. Commun. 10, 87 (2019).
M. Zimmermann, F. Lottersberger, S. B. Buonomo, A. Sfeir, T. de Lange, 53BP1 reg-
ulates DSB repair using Rif1 to control 5 end resection. Science 339, 700-704 (2013).
T. C. Nepomuceno et al., The role of PALB2 in the DNA damage response and cancer
predisposition. Int. J. Mol. Sci. 18, 1886 (2017).

S. Gravel, J. R. Chapman, C. Magill, S. P. Jackson, DNA helicases Sgs1 and BLM promote
DNA double-strand break resection. Genes Dev. 22, 2767-2772 (2008).

D. R. Whelan, T. D. M. Bell, Image artifacts in single molecule localization microscopy:
Why optimization of sample preparation protocols matters. Sci. Rep. 5, 7924 (2015).
M. Meldal, C. W. Tornge, Cu-catalyzed azide-alkyne cycloaddition. Chem. Rev. 108,
2952-3015 (2008).

S. van de Linde et al., Direct stochastic optical reconstruction microscopy with stan-
dard fluorescent probes. Nat. Protoc. 6, 991-1009 (2011).

E. Agullo-Pascual et al., Super-resolution fluorescence microscopy of the cardiac
connexome reveals plakophilin-2 inside the connexin43 plaque. Cardiovasc. Res. 100,
231-240 (2013).

C. A. Schneider, W. S. Rasband, K. W. Eliceiri, NIH image to imageJ: 25 years of image
analysis. Nat. Methods 9, 671-675 (2012).

R. Henriques et al., QuickPALM: 3D real-time photoactivation nanoscopy image
processing in ImageJ. Nat. Methods 7, 339-340 (2010).

Whelan and Rothenberg
resolution mapping of cellular double-strand break resection complexes during
homologous recombination


https://doi.org/10.1073/pnas.2021963118

