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Abstract

In response to DNA double-strand breaks (DSB), histone H2AX is phosphorylated around the lesion by a feed forward
signal amplification loop, originating YH2AX foci detectable by immunofluorescence and confocal microscopy as elliptical
areas of uniform intensity. We exploited the significant increase in resolution (~ X 10) provided by single-molecule localiza-
tion microscopy (SMLM) to investigate at nanometer scale the distribution of YH2AX signals either endogenous (controls)
or induced by the radiomimetic bleomycin (BLEO) in HeLa cells. In both conditions, clustered substructures (nanofoci)
confined to YH2AX foci and scattered nanofoci throughout the remnant nuclear area were detected. SR-Tesseler software
(Voronoi tessellation-based segmentation) was combined with a custom Python script to first separate clustered nanofoci
inside YH2AX foci from scattered nanofoci, and then to perform a cluster analysis upon each nanofoci type. Compared to
controls, yH2AX foci in BLEO-treated nuclei presented on average larger areas (0.41 versus 0.19 um?), more nanofoci per
focus (22.7 versus 13.2) and comparable nanofoci densities (~60 nanofoci/um?). Scattered YH2AX nanofoci were equally
present (~ 3 nanofoci/um?), suggesting an endogenous origin. BLEO-treated cells were challenged with specific inhibitors of
canonical H2AX kinases, namely: KU-55933, VE-821 and NU-7026 for ATM, ATR and DNA-PK, respectively. Under treat-
ment with pooled inhibitors, clustered nanofoci vanished from super-resolution images while scattered nanofoci decreased
(~50%) in density. Residual scattered nanofoci could reflect, among other alternatives, H2AX phosphorylation mediated by
VRK1, arecently described non-canonical H2AX kinase. In addition to H2AX findings, an analytical approach to quantify
clusters of highly differing density from SMLM data is put forward.
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Introduction

Cells respond to DNA damage by activating a complex set
of biochemical signaling pathways, known as the DNA
damage response (DDR), which aims to restore DNA
integrity and maintain genomic stability. Critical regula-
tors of the DDR are remodeling and chromatin-modifying
activities. A very important chromatin modification in
response to DNA double-strand breaks, DSB [1] or stalled
replication forks [2] is the phosphorylation of the histone
H2A variant H2AX on a conserved C-terminal serine resi-
due, generating YH2AX. The phosphorylation begins few
minutes after DNA damage induction, reaches a maximum
(plateau) 15-60 min later, and decays steadily afterwards
[3]. It spreads 1-2 Mb around the lesion, allowing immu-
nodetection as microscopically visible (@ ~0.4—1.0 um)
YH2AX foci by standard fluorescence microscopy [4].
Although the presence of yYH2AX is not required for
initial damage recognition, it is critical for the efficient
recruitment and/or retention of DNA repair factors at the
lesion site thus amplifying the DNA damage signaling [5].
Phosphorylation of H2AX to YH2AX in the surroundings
of lesion sites is mediated by ATM (ataxia telangiectasia
mutated), ATR (ATM and Rad3-related) and DNA-PK
(DNA-dependent protein kinase), which are members of
the PI3K (phosphatidylinositol 3-kinases) family of pro-
tein kinases. ATM and DNA-PK phosphorylate H2AX in
response to directly induced DSB, while at stalled forks
generated during replication stress, H2ZAX phosphoryla-
tion is primarily mediated by ATR [2].

DSB are the most critical DNA lesion since they
directly compromise genome integrity. If the lesion is left
partially or entirely unrepaired, it can trigger cell death
or lead to chromosome breaks and translocations related
with human diseases and cancer proneness [6]. Endog-
enous processes, such as DNA replication [7], transcrip-
tion [8], 3D genome folding [9] or V(D)J recombination in
developing thymocytes [10] can induce DSB. Additionally,
DSB can be induced by physical (mainly ionizing radia-
tions, IR) and chemical agents (known as radiomimetics)
which are able to insult DNA by a direct free radical attack
on the deoxyribose backbone.

Bleomycin (BLEO) is a radiomimetic chemical iso-
lated from Streptomyces verticillus [11] that consists of
a closely related family of glycopeptides. By means of a
5'-G-Py-3' sequence preference for rupturing DNA struc-
ture, it generates single strand breaks (SSB) and DSB [12].
BLEO was initially compared to low linear energy transfer
(LET) radiations [13], which mainly generate individual
DSB, and hence single DNA repair foci well separated one
from each other [14]. Nonetheless, BLEO causes also clus-
tered DNA lesions [15, 16], which can comprise clustered
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DSB among others. These lesions imply the presence of
two or more lesions in close proximity [17] and are nor-
mally associated to high-LET radiation [18]. In case of
clustered DSB DNA repair foci are not necessarily recog-
nizable as individual focus [14]. Due to its genotoxicity, it
has been extensively used in chemotherapy for treatment
of several types of cancer, such as testicular cancer, certain
lymphomas and squamous cell carcinomas.

Conventional fluorescence microscopy is diffraction-
limited to~200 nm and ~500 nm lateral and axial resolu-
tion, respectively, which implies that smaller macromolecu-
lar complexes such as DNA repair foci appear blurred and
their in-depth organization cannot be unraveled. Under these
conditions the visualization of YH2AX foci is restricted to
rounded/elliptical nuclear areas of homogeneous intensity,
as we noticed in CHO cells when imaging BLEO-induced
foci by confocal microscopy [19].

In the last years, a few works have applied what is collec-
tively termed “super-resolution microscopy” or ‘“nanoscopy”
to investigate DNA damage repair foci at the nanometer
scale. The resolution of such techniques nearly approaches
the molecular level (10-100 nm) [20]. By stimulated emis-
sion depletion microscopy (STED) Reindl et al. [21, 22]
determined that YH2AX and 53BP1 foci, induced either
after low- (protons) or high-LET (carbon ions) irradiation
in HeLa cells, presented inner nanostructures of round/elon-
gated shape with diameters of ~ 130 nm. Natale et al. [23]
arrived at comparable results by combining structured illu-
mination microscopy (SIM) and STED also in HeLa cells
but X-ray-exposed. They reported a spatial organization of
yH2AX foci in nanoclusters, which in turn, were composed
of several smaller structures, referred as nanofoci, with
estimated mean diameters of ~200 nm (SIM) and ~ 160 nm
(STED). Either by immunodetection of phospho-Ku70,
which directly associates to broken DNA ends, or using
TUNEL assay they concluded that each cluster (rather than
nanofoci) corresponded to one DSB.

Among nanoscopies single-molecule localization
microscopy (SMLM) provides the highest lateral resolution
(~20 nm). Indeed, a similar arrangement of circular nano-
structures clustered inside YH2AX foci but with a smaller
diameter range (@ =40-60 nm) was reported by SMLM in a
glioblastoma cell line exposed to carbon ions [24]. Based on
their size, the authors claimed that these entities, denoted as
subfoci elements, may correspond to individual nucleosomes
containing YH2AX within DSB repair foci. In agreement,
X-ray induced YH2AX in other glioblastoma cell lines were
found to be composed of circular nanostructures with a com-
parable size (@ ~45 nm) [25].

Strikingly, Lopez Perez et al. [24] also reported the pres-
ence of isolated nanofoci, outside YH2AX foci but ubiq-
uitously scattered elsewhere in nuclei from control and
irradiated cells. A similar distinction between nanofoci, i.e.
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clustered in YH2AX foci versus unclustered, was mentioned
by Natale et al. [23]. Given the potential implications such
isolated all-over yH2AX nanofoci could have in DNA repair
dynamics, they deserve further research.

As a new contribution to the field, here we aimed to
separately evaluate clustered nanofoci within YH2AX from
unclustered nanofoci in control and BLEO-treated HeLa
cells imaged by direct stochastic optical reconstruction
microscopy (ASTORM), a SMLM technique. A custom clus-
ter analysis method was implemented to individually quan-
tify the two kinds of nanofoci. In addition, to glimpse into
their biological characterization, their presence was deter-
mined after a deliberate inhibition of the canonical H2AX
kinases ATM, ATR and DNA-PK.

Materials and methods
Cell culture

HeLa cells (DSMZ, Germany #161) were routinely cultured
in RPMI 1640 with L-glutamine (Sigma-Aldrich R8758) plus
10% (v/v) fetal calf serum (FBS, Sigma-Aldrich F7524), 100
U/mL penicillin 0.1 mg/mL streptomycin (Sigma-Aldrich
P4333), 1% MEM non-essential amino acid solution (Sigma-
Aldrich F7524), and 1 mM sodium pyruvate (Sigma-Aldrich
S8636) in T25-culture flasks at 37 °C and 5% CO,. Two
days before experiments 10.000 cells/well were seeded into
8-well Lab-Tek II chamber slides (Nunc 154534, Thermo
Fischer Scientific).

Treatment with bleomycin and H2AX kinase
inhibitors

DNA damage was induced by a 45 min BLEO pulse
(Sigma-Aldrich 15361) in the absence of FBS. Initially,
a dose-response curve (5 to 160 ug/mL BLEO) and a
kinetic analysis (allowing 0-2 h recovery in fresh culture
medium + FBS after treatment) were carried out. The dose
range to test was chosen based on our previous experience
with BLEO in CHO cells [19] and other studies which used
BLEO to cause genetic damage in HeLa [26, 27]. Then, the
20 pug/mL BLEO dose (BLEO20) without recovery time
(0 h) was chosen for later experiments. Controls were carried
out by incubation in fresh culture medium (without FBS)
during the BLEO pulse.

In order to inhibit ATM, ATR and DNA-PK, HeLa cells
were pretreated for 1 h and then co-exposed to BLEO20
plus the inhibitors (one by one and in combinations), namely
20 uM KU-55933 (ATMi, Sigma-Aldrich SML1109) in
0.4% DMSO, 20 uM VE-821 (ATRIi, Sigma-Aldrich SML
1415) in 0.4% DMSO and/or 20 uM NU7026 (DNA-PKi,

Sigma-Aldrich N1537) in 0.4% DMSO. Vehicle controls
were always run in parallel.

yH2AX immunolabeling

Cells were fixed with a 3.7% formaldehyde solution by
diluting 1:10 in PBS a 37% formaldehyde stock (Sigma-
Aldrich 252549) for 10 min. Then, they were washed in PBS
(3 X5 min), permeabilized (15 min in 0.5% Triton X-100 in
PBS), blocked 30 min in 2% BSA in PBS, and then incu-
bated with 1:500 diluted mouse monoclonal anti-yH2AX
antibody (Abcam, ab26350) in blocking buffer for 1 h at
RT. In addition, controls without primary antibodies (that
is, exposed only to blocking buffer) were performed. After
washing with 0.1% Tween-20 in PBS (PBS-T, 3 X5 min),
cells were stained for 45 min at RT with secondary antibod-
ies, namely 1:500 Alexa Fluor 532-conjugated goat anti-
mouse IgG (Life Technologies A-11002) or 1:500 Alexa
Fluor 647-conjugated goat anti-mouse F(ab’), (Life Tech-
nologies A-21237). Finally, cells were washed in PBS-T
(3% 5 min) and kept in PBS for 1 to 5 days, until being
imaged by confocal laser scanning microscopy (CLSM) or
dSTORM.

Confocal laser scanning microscopy

To evaluate the effect of individual or combined H2AX
kinase inhibitors on YH2AX foci formation we used
CLSM. Z-stacks of 1024 x 1024 pixels with pixel size
0.198 x0.198 um and 1.0 pm step size between optical sec-
tions were obtained in a Zeiss LSM 700 microscope (Carl
Zeiss GmbH, Jena, Germany) equipped with 555 nm (Alexa
Fluor 532) and 639 nm (Alexa Fluor 647) excitation lasers,
and a 63 X oil immersion objective (NA = 1.4). Image acqui-
sition settings were kept identical for each experiment to
allow comparisons of different treatments. Afterwards,
images were analyzed in Fiji software (https://fiji.sc/) to
determine the number of YH2AX foci per nucleus in each
condition. To do this, we first segmented YH2AX foci by
intensity thresholding (constant value per experiment among
conditions). Next, the plugin “3D Object Counter” was used
to count the total number of foci per stack with a size filter of
5-100 voxels. A maximum volume of 100 voxels was con-
sidered to eliminate segmented objects coming from YH2AX
pan-nuclear cells. Finally, the number of cells (excluding
YH2AX pan-nuclear cells) was determined using the plugin
“Cell Counter”, which enabled to calculate foci number per
nucleus for each condition.

dSTORM imaging

dSTORM relies on the temporal separation of fluorescence
emission of individual molecules using dyes which can
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undergo reversible photoswitching. To this end, a random
read-out of these emissions is attained by transferring the
majority of fluorophores to a reversible OFF state and the
subsequent stochastic activation and detection of a subset
of individual fluorophores. If the probability of activation
is low enough, the majority of activated fluorophores resid-
ing in their fluorescent ON states are spaced further apart
than the diffraction limit and their positions can be precisely
determined by a Gaussian fitting of the individual spots.
This cycle of photoactivation and read-out is repeated thou-
sands of times allowing the reconstruction of a super-reso-
lution image from all of the single-molecule localizations
[28]. Individual cells from controls and cultures exposed
to BLEO20, either alone or co-treated with H2AX kinase
inhibitors, were imaged by dSTORM. Since suppression of
yH2AX foci formation in BLEO20 nuclei was maximized
under co-treatment with the pooled 3 kinase inhibitors
(ATMi, ATRi, DNA-PKi) (BLEO20 + 3i nuclei) we chose
this condition for dSTORM imaging. In addition, to exclude
a dose-dependent and/or time-dependent qualitative change
in YH2AX foci nanostructure, we imaged cells exposed to
BLEO in the 5-160 ug/mL range or allowed to recover post-
damage (0.5-2 h) in fresh culture medium.

Immediately before imaging, PBS was replaced by a
photoswitching buffer containing 100 mM B-mercaptoeth-
ylamine hydrochloride (MEA, Sigma-Aldrich M6500) in
PBS for Alexa Fluor 532, or the same buffer plus an oxygen
scavenger system [2% (w/v) glucose, 4 U/mL glucose oxi-
dase and 80 U/mL catalase] for Alexa Fluor 647. In both
cases, the buffer pH was set to 7.4 with KOH to achieve an
optimal photoswitching effect.

Super-resolution imaging was executed as described
previously [28]. In brief, dSSTORM images were acquired
with an inverted microscope (IX-71; Olympus) equipped
with a nosepiece stage (IX2-NPs; Olympus). For excitation
of Alexa Fluor 532 and Alexa Fluor 647 a 532-nm diode
laser and a 641-nm diode laser (Cube 640-100C, Coherent)
spectrally cleaned by a clean-up filter (Laser Clean-up filter
640/10, Chroma) were respectively used.

For each dSTORM measurement we first selected the cell
of interest and the focal plane of choice by transmitted light.
Then, the fluorescence was turned on and the cell was prop-
erly centered at low laser intensities. Next, the irradiation
intensity was increased (~5 kW/cm?) to transfer most fluo-
rophores to their off-state. When proper photoblinking was
observed (30-60 s later), an image stack of 20,000 frames
with an exposure time of 15 ms per frame was recorded in
highly inclined and laminated optical sheet (HILO) illumi-
nation mode. Super-resolution images were reconstructed in
rapidSTORM 3.3 software [29] with a minimum intensity
threshold of 600 photons and pixel size of 10 nm.

Cell culture and treatments, immunolabeling as well
as CLSM and dSTORM imaging were carried out at the
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Department of Biotechnology and Biophysics (University
of Wiirzburg, Germany).

Quantitative data analysis

We performed a cluster analysis on localization files gener-
ated by rapidSTORM 3.3 with the aim of detecting potential
aggregates of YH2AX signal inside nuclei, associated either
to YH2AX foci regions or to the remaining nuclear areas. In
addition, the nuclear distribution of molecule coordinates
among conditions was compared.

For cluster analysis the list of localization coordinates
were loaded in the SR-Tesseler software (https://www.
iins.u-bordeaux.fr/team-sibarita-SR-Tesseler?lang=en)
[30]. SR-Tesseler performs the calculation of 2D Voronot
diagrams (Voronoi tessellation) [31] and allows the sub-
sequent segmentation of groups of localizations as objects
of interest based on one or more parameters calculated for
each localization in the diagram. It has been successfully
used with SMLM data from different biological contexts,
for instance to decipher the nano-organization of synaptic
adhesion proteins in neuron membranes [32], changes in
nanocluster density of calcium-handling regulators in mouse
myocytes subjected to cardiac hypertrophy [33], the impact
of reactive oxygen species on plasma membrane proteins
under osmotic stress in Arabidopsis [34] or modifications
in membrane nanoarrangement of CD4 receptor depending
on actin cytoskeleton morphology [35].

The SR-Tesseler software procedure comprises the fol-
lowing steps:

(1) Voronoi tessellation. A Voronoi diagram is a set of pol-
ygons calculated from the x, y molecule coordinates in
the localization files. Each localization is a point that
defines a Voronofi region enclosed by a polygon that has
no other nearest localization. The Voronoi polygons are
defined from straight segments and segment junction
points separating each region from its neighbors: each
straight segment is equidistant from two localizations,
and the junction points between segments are equidis-
tant from three or more different localizations (exem-
plified in: https://en.wikipedia.org/wiki/Voronoi_diagr
am#/media/File:Voronoi_growth_euclidean.gif).

(2) Parameter-based object-segmentation. Once the
Voronoi polygons are calculated, objects (in our case,
clusters of YH2AX signal) are defined as sets of locali-
zations from adjacent Voronoi polygons that have a
similar local (first-rank) density and/or lie within a
given range of proximity (cut distance). The first-rank
density of each localization is calculated considering its
neighbor localizations (closer than any other localiza-
tion), and comparing it against the density of a refer-
ence distribution that is spatially uniform, calculated as
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the total number of localizations divided by the image
area. Next, a density factor threshold (a) which is a
multiple of the reference localization density is applied
to the list of localizations from file: segmented objects
of interest are required to have a localization density
equal or higher than a. The cut distance parameter
defines a maximum separation between localizations
to consider them as belonging to the same object. A
minimum area parameter defines a lower threshold
value for the area of a given object to be considered.

Segmentation of yH2AX foci regions

We first segmented YH2AX foci regions in control and
BLEO20 nuclei in order to separately analyze YH2AX sig-
nal inside YH2AX foci from the signal of YH2AX spread
elsewhere in the nucleus (Fig. 2). In BLEO20 + 3i cells
which exhibited no YH2AX foci this step was not performed.
Manual drawings of nuclear contours (regions of interest,
ROI) were made for each cell to confine the measurements
to nuclear yH2AX signals.

Following the Voronoi tessellation, YH2AX foci were
segmented as SR-Tesseler objects on nuclear ROI by adjust-
ing the density factor threshold a and the minimum focus
area to be considered. Since an extent of YH2AX focus
areas roughly from 0.1 to 0.8 um? has been reported [36],
we considered areas greater or equal to 0.025 um? in order
to include plausible yet very small foci. The value of a to
perform foci segmentation was chosen by trying different
values while visually checking the segmentation results
(Supplemental Fig. 1). a=1.0 (BLEO20 nuclei) and a=2.0
(controls) produced the best match for the observed YH2AX
foci in the original images.

The output of the segmentation step was a text file (named
Export locs ID), in which each localization was stored and
associated to an object index. The object index indicated to
which focus (object) each localization belonged, with locali-
zations not associated to any focus grouped with index 0.
From the Export locs ID data of each image, convex hull
polygons were calculated for each object by applying a cus-
tom Python script (provided as Supplemental Material), in
order to generate separate files of (a) localizations within
yH2AX foci and (b) remnant, non-foci localizations.

The implemented script defined the following steps:

(1) A convex hull polygon [37] was calculated for each set
of localizations with the same object index. In a convex
hull polygon, some localizations become polygon ver-
tices, while the rest become interior points. Both were
considered as foci localizations. Points located in the
exterior of the convex hulls were considered non-foci
localizations. It was observed that many localizations
from the exterior lied very close to the convex hull

polygons but remained outside, which resulted in the
appearance of halos surrounding most polygons. The
localizations forming the halos belonged to Voronoi
polygons significantly larger (low density) that the
ones included in the segmentation (high density) and
could not be included in YH2AX foci regions without
decreasing the optimized « value.

(2) An additional distance parameter d was established to
include the localizations composing the halos into seg-
mented YH2AX foci regions within the range specified
by this parameter. d=50 nm was found sufficient to
remove the halos (Supplemental Fig. 2).

(3) Using the localizations of each convex hull and those
within the distance threshold d, a new set of convex
hull polygons was calculated. In order to approximate
the area of each focus the shoelace algorithm for poly-
gon area [38] was implemented, and applied to the con-
vex hull polygons.

(4) Two localization files were produced as output: one
with only YH2AX foci localizations, and the other with
the remnant non-foci nuclear localizations.

Quantification of nanofoci confined to yH2AX foci

Localization files containing solely YH2AX foci localiza-
tions from control and BLEO20 nuclei were used to identify
clusters of YH2AX signal inside them. Nanofoci were seg-
mented by setting @ =20, cut distance =20, and minimum
area=50 nm?. For each cell, a list comprising the segmented
objects along with their individual areas was obtained. Since
dSTORM lateral resolution can reach 20-30 nm, and assum-
ing a circular-like shape of nanofoci, objects with areas up
to 2000 nm? were considered as single nanofoci, between
2000 and 4000 nm? as two (partially) fused nanofoci, and
so on. Following this rule, the average number and density
(number/um?) of nanofoci per YH2AX focus in control and
BLEO20 nuclei were calculated. Nanofoci areas were esti-
mated as YH2AX foci areas, that is, by setting the additional
distance d (d=5 nm) and applying the shoelace algorithm.
Then, the area-equivalent diameters assuming a circular-like
shape of nanofoci were calculated, according to the formula:

diameter = /4 - area/x.

Quantification of scattered yH2AX nanofoci in nuclear
regions without yH2AX foci

Localization files from BLEO20+ 3i nuclei and from control
or BLEO20 cells comprising the remnant non-foci nuclear
localizations were employed to evaluate the presence of scat-
tered YH2AX mark. This signal was segmented by setting
a =35, cut distance =20 and minimum area =50 nm?. Calcu-
lations were performed as in section above, but considering
the nuclear area of remnant non-foci regions in control and
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BLEO20 cells to determine nanofoci densities. Their pres-
ence was also computed in Ab control images, that is, in
cultures incubated only with the secondary antibody.

Statistical analysis

Two-sample unpaired #-test and one-way ANOVA with Bon-
ferroni correction were performed when necessary, with a
95% confidence level.

Results

BLEO-induced yH2AX foci: dose-response curve,
foci kinetics and sensitivity to ATM, ATR and DNA-PK
kinase inhibitors

To select an appropriate working condition to perform a
complete dSSTORM image analysis in HeLa cells, prelimi-
nary experiments were carried out varying BLEO exposure
dose (range 5-160 pug/mL) and post-damage recovery time
(0-2 h). The dose-response curve showed a steady level of
yH2AX foci number between 5 and 80 pg/mL BLEO, with
an increase after 160 ug/mL BLEO exposure (Supplemen-
tal Fig. 3a). To our purpose, we considered that BLEO20
was enough to induce a robust foci number increase, tripling
those found in control cells. Early kinetics (0-2 h post-treat-
ment) showed no increase in foci number as recovery time
extended (Supplemental Fig. 3b). For this reason, the easiest
experimental scheme was chosen, namely fixing the cells
immediately after the 45 min treatment.

The yYH2AX signal specificity was tested by employing
inhibitors of H2AX kinases (ATM, ATR and DNA-PK),
with the aim of suppressing the phosphorylation of H2AX
to YH2AX after BLEO insult. As shown in Supplemental
Fig. 4a, yH2AX foci formation was mainly dependent on
ATM. In contrast, ATR and/or DNA-PK inhibition displayed
no effect by their own. Instead, their effect was evident only
if ATM was also inhibited. The fact that foci were primar-
ily ATM-dependent suggests that they had originated from
DNA DSB rather than from collapsed/stalled replication
forks (which would have implied an ATR-dependent H2AX
phosphorylation). The preferential involvement of ATM over
DNA-PK in response to DSB is in agreement with Burma
et al. [39]. Since the simultaneous use of the three inhibitors
dropped foci number to control levels we chose this combi-
nation to perform dSTORM imaging.

Pan-nuclear yH2AX signal was not abrogated
by the pooled ATM/ATR/DNA-PK kinase inhibitors

It is worth to mention that, now and then, yYH2AX pan-
nuclear cells were observed in all BLEO-treated cultures,
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even under the simultaneous treatment with the three
kinase inhibitors (Supplemental Fig. 4b—i). Conversely,
they were completely absent in control and DMSO-treated
cells (Supplemental Fig. 4j). A nuclear-wide YH2AX for-
mation, involving the entire chromatin, has been proved to
be involved in apoptosis, for example by exposure to TNF-
related apoptosis-inducing ligand (TRAIL) [40], BLEO
[19] and UV irradiation of DNA-replicating cells [41]. In
addition, a fainter YH2AX pan-nuclear staining unrelated
to apoptosis but dependent on DNA damage level has been
described specifically in G1/G2 cells after exposure to heavy
ions [42]. As we suggested in CHO cells [19], an apoptotic
process due to BLEO treatment could have been triggered
above a certain critical amount of DNA damage. Alterna-
tively, it has been reported that BLEO can trigger apoptosis
in a DNA damage-independent extrinsic pathway, dependent
on caspase-8 [43].

The pan-nuclear H2AX phosphorylation has been
described to be regulated by another set of kinases (and not
ATM, ATR and DNA-PK). They include Mst-1 in the INK1/
caspase-3 dependent cell death [44] and a distinct p38 mito-
gen-activated protein kinase (MAPK) pro-apoptotic pathway
[45] which, as expected, were not affected by the specific
inhibitors we used to abate ATM, ATR and DNA-PK. A
further analysis of this phenomenon was out of the scope of
the present work.

Both endogenous and BLEO-induced yH2AX foci
were organized in nanometric substructures

Next, the structure of YH2AX foci at nanometer scale by
dSTORM was investigated. In cultures exposed to BLEO20
we observed clumps of YH2AX signal (i.e. nanofoci) as
substructures of the YH2AX foci observed by standard fluo-
rescence microscopy (Fig. 1b, f, j). The fewer endogenous
YH2AX foci in control cells exhibited a similar nanomet-
ric organization (Fig. 1a, e, 1). In addition, no substantial
modifications in YH2AX foci sub-organization were appre-
ciated either with different doses (Supplemental Fig. 3c—f)
or post-damage recovery times (Supplemental Fig. 3g—j).
To check the reliability of dSTORM results, we used a dif-
ferent secondary antibody to detect YH2AX, which yielded
a similar outcome (Supplemental Fig. 31). As shown on
Fig. 1c, BLEO-induced foci completely disappeared from
dSTORM-reconstructed images when cells were simultane-
ously exposed to the three inhibitors (BLEO20+ 3i nuclei).

Nuclear segmentation according to yH2AX status:
on average BLEO-induced foci area was larger (~ 2
times) than endogenous foci area of control cells

Besides the nanometric signal within YH2AX foci, we
detected in all cases a YH2AX mark scattered throughout the
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BLEO 20

Fig.1 Control and BLEO-induced yH2AX foci are composed of
smaller nanometric substructures (nanofoci) as revealed by dASTORM
super-resolution imaging. HeLa cells were untreated (a) or exposed
to 20 pg/mL BLEO (BLEO20) for 45 min alone (b, d) or with (c) a
pre- (1 h) and co-treatment with pooled kinase inhibitors (i), namely
KU-55933 (ATMi), VE-821 (ATRi) and NU7026 (DNA-PKi) (20 uM
each). Then, cells were fixed in 3.7% PFA and indirectly immunola-
beled with a primary mouse anti-yH2AX (Abcam, ab26350) antibody
and a secondary Alexa Fluor 647-conjugated anti-mouse antibody
(a—c) or exposed only to the secondary antibody (d). a—d Whole
nuclear images reconstructed in rapidSTORM 3.3. Bar: 3 um. Upper
left insets: corresponding YH2AX images for each nucleus by stand-
ard wide-field fluorescence microscopy. e-h Enlarged views (large

nucleus as long as cells were incubated with the anti-yH2AX
primary antibody (compare signals in Fig. le—g versus h).
To separately analyze the clustered YH2AX signal inside
YH2AX foci (clustered nanofoci) and the scattered signal
from the remnant nuclear areas, we first generated two
images from each original localization file of control and
BLEO20 nuclei by combining SR-Tesseler segmentation
and a custom Python script based on the convex hull of the
foci regions (see workflow on Fig. 2, and “Materials and
methods” section). Even though we could successfully seg-
ment the areas of YH2AX foci from the rest of the nucleus
in SR-Tesseler (Fig. 2c), a halo of localizations surround-
ing each extracted focus persisted in the images devoid of
foci (Fig. 2d). To address this issue, we extended the set
of localizations to be extracted from these images (50 nm

BLEO 20 + 3i Ab control

Experimental schedule

e N

1 1 1

! 1hour ' 45min '
3.7% PFA
FIXATION

green boxes) from a—d. Bar: 1 um. i and j Enlarged views (small yel-
low boxes) from a, b. Bar: 300 nm. yH2AX foci either from control
or BLEO-treated nuclei were organized in nanoscopic substructures
(a, b, i, j). BLEO-induced foci vanished when cells were exposed to
H2AX kinase inhibitors (compare b to ¢). Besides, cells incubated
with the yYH2AX primary antibody exhibited a dotted YH2AX signal
scattered throughout the nucleus (compare signals in e—g with signal
in h). As expected, no signal was observed when immunolabeling
was performed in absence of primary antibodies (d, h). k Experi-
mental schedule. HeLa cells were pretreated for 1 h with 20 uM of
ATM, ATR and DNA-PK inhibitors and then co-exposed for 45 min
to BLEO20 and the inhibitors before being fixed in 3.7% PFA. (Color
figure online)

of additional distance from the boundary of each convex
hull) to incorporate them to their respective foci. The result
was sets of pictures of control and BLEO20 nuclei having
exclusively regions of YH2AX foci (Fig. 2e) or the comple-
mentary non-foci areas (Fig. 2f).

As aresult of the described processing, mean foci areas
of 0.41 pm? (BLEO20) and 0.19 pmz (controls) were
obtained. BLEO-induced foci presented a higher heteroge-
neity in size than endogenous foci, which mostly exhibited
areas < 0.3 um? (~ 88% from total number) (Supplemental
Fig. 5). In BLEO20 nuclei a foci subpopulation (7.5%)
presented areas > 1 um?®. A proportion of them could cor-
respond to two foci partially overlapped, which could not
be separated one from each other through the segmenta-
tion. Mean values are in line with previous reports [36,
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yH2AX foci / \
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l localization reassigments l
based on foci convex hull

nuclear regions
of yH2AX foci

remnant (non-foci)
nuclear regions

Fig.2 Image segmentation of BLEO20 and control nuclei into (i)
regions harboring YH2AX foci and (ii) remnant (non-foci) regions.
SR-Tesseler software was used to define the foci regions, and a cus-
tom Python script was implemented to filter out localizations based
on the convex hull of the foci regions (see “Materials and methods”
section). a—f Steps carried out to obtain two separate images from
each original picture are exemplified in a BLEO20 nucleus. a Image
from localizations file, b Voronoi tessellation, and ¢ subsequent
segmentation of YH2AX foci regions (blue) from the entire nucleus
in SR-Tesseler by setting a=1 and minimum area=0.025 um?. d
Resulting image with localizations belonging to YH2AX foci (c¢) sub-
tracted from image (a). A halo of points (localizations) surrounding
each substracted YH2AX focus remained in the picture. To correct
this, a convex hull was computed for each focus, with an additional
border distance of 50 nm to filter out an extended set of localiza-
tions. With this procedure, the localizations belonging to halos were
removed from (d) and reassigned to (e). The final result was a set of
images only with YH2AX foci regions (e) or the remnant non-foci
nuclear regions (f). The nuclear ROI (r,) is outlined by the red line.
Bar: 3 um. g-1 Enlarged (x4) views (green boxes) from images a—f,
respectively. Bar: 750 nm. (Color figure online)
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46], which supports the approach of a refined foci seg-
mentation by combining SR-Tesseler with a neighborhood
distance parameter to include localizations from object
surroundings.

BLEO-induced yH2AX foci contained as average
almost double nanofoci than endogenous control
foci

Images of control and BLEO20 nuclei harboring only the
segmented regions of YH2AX foci (Fig. 3a, e) were used to
quantify YH2AX nanofoci inside each YH2AX focus. A seg-
mentation by SR-Tesseler in this set of images was imple-
mented (Fig. 3b, f) to identify such smaller nuclear clusters in
the context of a much bigger microscopic YH2AX focus. Since
in this case the localizations exhibited a spotted nuclear pattern
of small and dense clusters, a high density factor threshold
(¢=20) was needed to achieve a satisfactory nanofoci seg-
mentation. Zoomed images (Fig. 3c, d, g, h) revealed that each
focus was formed by individual nanofoci in a variable number.

Among individual control (Fig. 3j) or BLEO20 nuclei
(Fig. 3k) the number of nanofoci per focus was independent
from foci number per cell. The bigger yH2AX foci in BLEO20
nuclei exhibited a similar density of nanofoci per focus than the
endogenous foci in controls, and thus more nanofoci per focus
(mean 22.7 in treated cells versus 13.2 in controls; Fig. 31, m).

Nucleoplasm of control and BLEO-treated cells
harbored scattered nanofoci outside yH2AX foci,
which were partially sensitive to kinase inhibitors

As previously mentioned, apart from nanofoci confined to
YH2AX foci in all conditions unclustered YH2AX nanofoci
spread throughout the nucleus were noticed. We selected
the set of pictures comprising non-foci regions from control
(Fig. 4a) and BLEO20 nuclei (Fig. 4b), the images corre-
sponding to BLEO20+- 3i (inherently without YH2AX foci)
(Fig. 4c) and Ab control cells (Fig. 4d), and computed their
average nanofoci number and density after SR-Tesseler
segmentation.

A significant contribution of the secondary antibody
to the YH2AX signal was discarded since the amount of
mark in Ab control cells was negligible (Fig. 4i). Control
and BLEO20 nuclei exhibited similar densities of scattered
YH2AX nanofoci per nuclear section (~3 nanofoci/um?),
suggesting that they originated endogenously (unrelated to
BLEO-induced DNA damage). In favor of the specificity of
the signal, BLEO20 + 3i cells exhibited a 50% diminution
of signal density when contrasted to cells exposed only to
BLEO?20. The estimated mean nanofoci diameter (~ 50 nm)
was conserved among clustered and unclustered nanofoci in
all conditions (Fig. 4m).
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Fig.3 Quantification of nanofoci confined to YH2AX foci regions by
SR-Tesseler. a—d Control and e-h BLEO20 nuclei images are shown. a,
e Images of nuclei harboring only the segmented YH2AX foci regions
(Fig. 2). Nuclear ROI (r,) are outlined by red lines. b, f Segmentation
in SR-Tesseler of YH2AX nanofoci from a, e by setting a=20, cut dis-
tance=20 and minimum area=50 nm?. a, b, e, f Bar: 3 um. ¢, d, g, h
Enlarged views (X 16) from green boxes indicated in a and e, respectively.
Bar: 200 nm. Zoomed images show that each YH2AX focus is formed by
individual nanofoci in a variable number. i-m Altogether, n=1392 (con-
trol) and n=11,471 (BLEO20) segmented objects coming from n=11
(control) and n=21 (BLEO20) cells were analyzed (data from three inde-
pendent experiments). i Histogram displaying the distribution of object
areas (nm?) for control and BLEO20 nuclei. As discussed before (see
“Materials and methods” section) segmented objects with areas between
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50 and 2000 nm?* were considered as single nanofoci, between 2000 and
4000 nm? as two (partially) fused nanofoci, and so on. As depicted in
the histogram, most objects were single nanofoci in both cases (95% and
89% for BLEO20 and control nuclei, respectively). j and k Plots of foci
number versus number of nanofoci per focus for each analyzed control
(j) and BLEO20 (k) nucleus. As seen in the plots, no apparent correla-
tion between these variables was observed either for control or BLEO20
nuclei (linear correlation coefficient values r=0.0052 and 0.0042, respec-
tively). 1 Number and m density (number/um?) of nanofoci per YH2AX
focus (mean +standard error) for control and BLEO20 nuclei. Although a
higher mean number of nanofoci per focus was detected in BLEO20 com-
pared to controls (22.7 versus 13.2; ***p<0.001; two-sample unpaired
t-test), comparable average densities were found due to smaller mean
areas of foci in controls. (Color figure online)
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Fig.4 Quantification of unclustered nanofoci in nuclear regions devoid
of YH2AX foci by SR-Tesseler. a, e, i Control, b, f, j BLEO20, c, g, k
BLEO20+3i and d, h Ab control images are shown. a and b Images
of nuclei with remnant (non-foci) regions from control and BLEO20
(Fig. 2). ¢ and d images from the localization file of a BLEO20+ 3i
and Ab control nuclei in SR-Tesseler. e-h Segmentation of scattered
YH2AX signal from a—d in SR-Tesseler by setting a=5, cut dis-
tance=20 and minimum area=>50 nm? a-h Bar: 3 um. Nuclear ROI
(r)) are outlined by the red lines. i—k Enlarged views (x 16) from green
boxes indicated in e—g, respectively. Bar: 200 nm. 1 Density (number/
pm?) of scattered yH2AX signal per nuclear section (mean + standard
error) for control, BLEO20 and BLEO20+3i (n=11) cells. In total,
n=3405 (control), n=8060 (BLEO20) and n=2998 segmented objects
were analyzed. Since nuclear ROI cannot be precisely defined in Ab
control (n=28) the average density for the whole image was considered
(data from three independent experiments). A similar density of scat-
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1
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tered YH2AX signal per nuclear section was found between control
and BLEO20 nuclei. Conversely, BLEO20+3i cells exhibited a lower
average density in comparison to cells exposed to BLEO20 (**p <0.01;
one-way ANOVA with Bonferroni correction). Signal density in Ab
control was negligible when contrasted to the samples incubated with
the primary anti-yH2AX antibody. m Estimated diameters (nm) of
clustered (blue columns) and unclustered (orange columns) nanofoci
(mean + standard error) for control, BLEO20 and BLEO20+ 3i nuclei.
First, nanofoci areas were calculated as YH2AX foci areas, i.e. set-
ting the parameter d and then applying the shoelace algorithm. Then,
diameters were computed considering a circular-like shape of nanofoci.
Estimated mean values ranged among~44 nm (control, unclustered)
and ~ 54 nm (BLEO20, unclustered). Nevertheless, differences in nano-
foci diameters were not significant, neither among conditions (p >0.16)
nor when clustered nanofoci were compared against unclustered nano-
foci within a given treatment (p >0.14). (Color figure online)
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Discussion

In the present work, we have demonstrated in HeLa cells
that BLEO20-induced YH2AX foci are organized as
clusters of nanofoci. Compared to endogenous foci, the
more abundant BLEO-induced foci are qualitatively simi-
lar (even using high BLEO doses, up to 160 ug/mL) but
quantitatively different, since they approximately duplicate
endogenous foci in size and internal nanofoci number.

Endogenous YH2AX foci are ascribed to DSB pro-
duced at stalled and collapsed replication forks [7],
linked to alterations in the progression of the transcrip-
tional machinery or the collision between the replication
and the transcriptional complexes [8], and originated in
nuclear regions implicated in 3D genome organization [9].
As already reported in various cell lines (including HeLa)
and primary cultures endogenous YH2AX foci present,
on average, tinier mean sizes compared to DNA damage-
associated foci [36, 46, 47]. By our novel segmentation
approach, comparable results were obtained since DSB-
related foci were twice bigger than endogenous foci in
controls. In the case of BLEO-induced foci, a similar level
of foci number was obtained in the 5-80 pg/mL range,
with an increase only after exposure to BLEO 160 pg/
mL. Previous results with the radiomimetic in CHO cells
already had shown a non-linear relationship among foci
number and BLEO doses [19]. Several factors could con-
tribute to this overall result, namely the need for mem-
brane transporters to enable the access of BLEO to the
cells [48], a putative participation of the enzyme BLEO
hydrolase, which could provide resistance to BLEO [49],
and a differential cell sensitivity to the agent according
to cell cycle phase (G1/G2 are more damage-prone than
S cells) [50]. In addition, BLEO requires the presence of
cofactors, oxygen and the reduced transition metals Fe(II)
or Cu(I) [12, 51], to become the activated form capable of
inducing DSB. In fact, it has been shown by Comet assay
that BLEO produces a heterogeneous level of DNA-dam-
age in HeLa cells, highly variable from cell to cell, when
compared to IR-induced damage [52]. In short, a larger
number of nuclei per experimental condition should have
been evaluated, had it been our objective to study BLEO
dose-response in HeLa cells.

By dSTORM we confirmed in BLEO-treated cells other
recent works which, thanks to the cutting-edge increase
in resolution provided by nanoscopy, demonstrated that
YH2AX foci observed by conventional fluorescence
microscopy own an internal organization consisting of
smaller sub-structures (i.e. nanofoci). Individual bunches
of clustered nanofoci have been argued to be the basic
unit for DSB repair [23, 24]. As suggested by Lopez
Perez et al. [24], individual nanofoci may indicate single

nucleosomes harboring YH2AX, while their arrangement
as clusters would represent the local chromatin structure
required for DSB DNA repairing. In fact, each individ-
ual nanofocus corresponds to a chromatin loop, which
is disposed into a higher-order structure of discontinu-
ously phosphorylated chromatin, with a size comparable
to that of clustered nanofoci [23]. The nanodomains are
flanked by CTCF (CCCTC-binding factor), a transcrip-
tional repressor implicated in the regulation of chromatin
architecture [53].

We determined, on average, 13.2 and 22.7 nanofoci per
focus in control and BLEO20 nuclei respectively, which
entailed a comparable mean density per focus (~60 nano-
foci/um? per nuclear section) in both conditions. Sisario
et al. [25] reported ~ 16 and ~ 20 nanofoci per focus in con-
trol and X-ray-irradiated glioblastoma cells, respectively.
In addition, comparable diameters of clustered nanofoci
were determined when estimated by our analysis approach
(~52 nm versus ~45 nm in [25]). Moreover, Lopez Perez
et al. [24] compared clustered versus scattered nanofoci
diameters, reporting a larger diameter (~25% increment) of
clustered nanofoci both in controls and radiation-treated
nuclei. We could not detect such a difference in our study.
All things considered, even though image analysis methods
varied among studies the quantitative results are strikingly
close, pointing out to consistent results by SMLM.

Apart from clustered nanofoci confined to YH2AX foci
we also detected scattered nanofoci in the remnant nucleo-
plasm, both in control and BLEO20 cells. To our knowledge,
the presence of such an all-over scattered nuclear signal has
been solely studied by Lopez Perez et al. [24]. By carbon-ion
irradiation they found an increment in the number of nano-
foci not associated to foci regions (i.e. out of ion tracks). In
our case, the scattered signal was analyzed separately by
a novel custom methodology (summarized in Fig. 2). We
concluded that unclustered YH2AX nanofoci were equally
present at low density, both in control and BLEO20 nuclei
(~3 nanofoci/um?). This finding would suggest an endog-
enous level of H2AX phosphorylation independent of DNA
damage induction. Lopez Perez et al. [24] hypothesized that,
albeit arguable, the increase from the endogenous level they
determined could be attributed to isolated DSB induced by
an indirect-derived radiation expanding from the ion tracks.
In addition, they proposed the previously reported faint
yH2AX pan-nuclear staining due to ion irradiation [42], as
a possible cause of nanofoci increment. In any case, such an
effects are not expected on BLEO-treated cells, and hence
to impact in the levels of scattered nanofoci.

A basal level of YH2AX signal could respond to transient
DSB, formed during endogenous DNA metabolism, which
do not trigger an active DNA damage response (that is,
microscopic YH2AX foci induction). Unclustered nanofoci
could, hence, represent a starting point of scarce local H2AX
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phosphorylation on DNA for putative DSB repair units.
Some hints in this line have been given employing meth-
ods of genome-wide DSB profiling. Thus, an enrichment of
endogenous YH2AX at loci susceptible to replication fork
stalling and breakage has been found in yeast using ChIP-
chip data [54]. Similarly, genome-wide localization sites of
H2AX and YH2AX, either endogenous or IR-induced, have
been mapped in proliferating and resting human cells [55].
In replicating cells, endogenous YH2AX-enriched regions
covered sub-telomeres and active transcription start sites
(TSS). In fact, H2AX itself, prior to phosphorylation, was
specifically located in these spots. On the contrary, in resting
cells an endogenous YH2AX signal was not detectable. Cel-
lular demand for DNA repair correlates with the potential to
replicate, and hence, as proven [56], it is globally attenuated
in terminally differentiated cells. Tumor cells undergo much
more cell division cycles, and thus present a higher demand
of response to DNA damage. So, endogenous yH2AX-
enriched regions in dividing cells could be indicating repli-
cation- and transcription-mediated stress due to their rapid
cell division cycles. The pattern of well-distributed scattered
YH2AX nanofoci detected in HeLa, a tumor-derived cell
line, could reflect a required level of endogenous YH2AX in
order to provide protection against a potential high level of
transient DSB. Interestingly, Seo et al. [55] verified a spread
from the active TSS into the gene body after irradiation, a
process compatible with the later emergence of microscopic
yH2AX foci. Finally, it cannot be discarded that unclustered
nanofoci indicate either another type of DNA lesion (and not
DSB) or even a distinct YH2AX role, unlinked to DDR, as
those already reviewed [57].

Here, as a novel contribution, we evaluated by SMLM
(dSTORM) the occurrence of yH2AX nanofoci in cells chal-
lenged with specific inhibitors of canonical H2AX kinases
(i.e. ATM, ATR and DNA-PK). Although recent works
have studied yYH2AX nanofoci in a very comprehensive
way [21-25, 58], to our knowledge this is the first time in
which nanofoci were investigated after a deliberate attempt
to inhibit H2ZAX phosphorylation. In this regard, we could
confirm the specificity of the yH2AX mark reconstructed
from SMLM data since BLEO-induced foci completely dis-
appeared from dSTORM images when cells were simultane-
ously exposed to ATM, ATR and DNA-PK inhibitors. This
finding was as expected, since it fits the positive activation
loop of H2AX kinases [59]. In turn, under these conditions,
the YH2AX scattered mark did not completely fade out but
diminished in nuclear density (~50%). This might respond
to several, non-exclusive factors. First, although the con-
centrations (20 pM) of KU-55933, VE-821 and NU7026
that we used to inhibit ATM, ATR and DNA-PK were well
above their ICs, values (12.9 nM, 13 nM and 230 nM in cell-
free assays, respectively), and no foci were detected in their
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presence, it cannot be discarded that the 1 h pretreatment
was not enough to achieve a complete inhibition of the target
kinases, or that the half-life of pre-existent scattered nano-
foci was longer than 1 h. We assayed a longer pretreatment
with the pooled inhibitors (24 h) before BLEO-exposure but
it resulted in a significant cytotoxicity, revealed by a very
low cellular density and a considerable proportion (~75%)
of (apoptotic) pan-nuclear YH2AX cells (data not shown).
Second, the action of other kinases able to phosphorylate
H2AX at Ser139 could explain the remnant YH2AX signal.
While the activation of MAPK family members p38 and
Mst-1 has been reported only in apoptotic contexts [44, 45],
anewly described chromatin kinase-termed VRK1 has been
proved to phosphorylate H2AX to YH2AX in response to
DNA damage induced by y-rays [60]. Importantly, even in
basal conditions VRK1 directly interacts with H2AX, which
raises the possibility of a specific VRKI role in endoge-
nous H2AX phosphorylation. In addition, VRK1 impact on
H2AX was unaffected by KU-55933 and caffeine (a general
PI3K inhibitor). In the same line, if scattered nanofoci allude
to DNA lesions aside from DSB, unknown H2AX kinases
might play a role in their phosphorylation. Third, a nonspe-
cific labeling of YH2AX primary antibody to other nuclear
structures apart from yH2AX cannot be formally discarded,
although it seems very unlikely since unclustered nanofoci
have been observed by others [23, 24]. Last but not least,
while YH2AX can be dephosphorylated in situ by PP2A
[61] and PP4 [62], a significant fraction of YH2AX could
be released from chromatin by exchange with unphospho-
rylated H2AX, as revealed by fluorescence recovery after
photobleaching (FRAP) experiments using GFP-H2AX [63].
Thereby, YH2AX dephosphorylation can also occur in the
nucleoplasm, far away from the corresponding DSB lesion
site. In this context, the residual YH2AX signal could point
out to persistent YH2AX already dissociated from damaged
chromatin.

It is worth mentioning that in all conditions we observed
the presence of YH2AX signals outside the nuclear region,
presumably in cytoplasmic areas (Supplemental Fig. 6). To
date, the appearance of YH2AX in the cytoplasm has been
only described in association to tropomyosin-related kinase
A (TrkA)/INK1-induced cell death in U20S cells indepen-
dently from DNA damage induction [64]. Since external
cytoplasm boundaries could not be precisely defined in the
images, we were not able to calculate and compare signal
densities between experimental conditions. Further research
would be needed to find out whether the cytoplasmic signal
we detected does correspond or not to cytoplasmic YH2AX.

In conclusion, untreated HelLa cells harbored scat-
tered YH2AX nanofoci as well as clustered nanofoci con-
fined to a few microscopic YH2AX foci. After exposure
to BLEO, yH2AX foci increased in number and size but
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their nano-organization was comparable to those found in
untreated cells. The level of scattered yYH2AX nanofoci
remained unchanged, pointing to an endogenous generation.
A pool of specific H2AX kinase inhibitors erased BLEO-
induced clustered nanofoci but only partially the endogenous
scattered nanofoci, which opens the door to consider the
putative role of a recently described H2AX kinase (VRK1)
in the formation of YH2AX nanofoci.

In recent years, super-resolution microscopy has
revealed previously undisclosed protein distribution pat-
terns and nanostructural features, not detectable by con-
ventional microscopy. Of note, these new findings ask for
consistent analytical tools to process and analyze signals
at the nanoscale level. Here, we provide a novel approach
to address cluster analysis from SMLM data. It could be
particularly useful when dealing with clusters of very dis-
similar densities, such as scattered nanofoci coexisting with
clustered nanofoci organized in microscopic foci.
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