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DNA damage repair is essential for maintaining genomic integrity, thereby preventing diseases like cancer.

Traditionally, radioresistance has been linked to the ability of cells to repair DNA double-strand breaks

(DSBs) accurately. Recent research emphasizes the critical role of spatial chromatin organization and its

dynamic reorganization in regulating repair and gene expression. In this study, we have employed single-

molecule localization microscopy (SMLM) and Python-based mathematical methods of statistics and

topology to locally analyze the spatial organization of γH2AX and 53BP1 foci in 15N-ion irradiated normal

human dermal fibroblasts (NHDF) and highly radioresistant U87 glioblastoma cells over extended post-

irradiation (PI) periods with nanoscale resolution. Our findings reveal that U87 cancer cells fail to regulate

chromatin changes at DSB sites during and after repair. Specifically, Ripley’s statistics and cluster analysis

showed that both NHDF and U87 cells exhibit smaller, denser, and better separated γH2AX nano-foci sur-

rounded by 53BP1 nano-foci. Mathematical topology approaches, including persistent homology,

revealed that γH2AX nano-foci (clusters) have lower topological similarity compared to the more con-

served 53BP1 nano-foci during the 24-hour repair period. These findings support the non-random, func-

tional spatial organization of DSB repair (nano)foci and demonstrate its preservation in cancer cells.

However, principal component analysis of persistent images showed that γH2AX- and 53BP1 nano-foci in

normal fibroblasts exhibit stable, closed cycles, while U87 cells display chaotic, open shifts in topology in

the 2D latent space. Combined with DSB repair kinetics measurements, this observation indicates that

although U87 cells rejoin DSBs similar to normal cells, they experience more pronounced, dysregulated

chromatin alterations during repair, ultimately failing to restore it to its pre-irradiation state. These altera-

tions correlate with topologically more variable DSB sites, slower (more challenging) repair focus for-

mation but faster repair once foci are established, compared to NHDF cells. More disorganized repair and

persistent topological alterations likely contribute to genetic instability of cancer cells after irradiation and

the development of radioresistant clones, posing challenges for effective radiotherapy.

Introduction

Chromatin in cell nuclei is constantly subjected to damage

from environmental factors, as well as from metabolic pro-

cesses essential for cell function. DNA/chromatin damage

repair is thus crucial for maintaining the genomic integrity of

the cell and preventing the development of cancer and other

genetic diseases. Repair of chromatin double-strand breaks

(DSBs), the most harmful DNA damage ionizing radiation can

induce, is particularly challenging for the cell and the cellular

repair mechanisms. In particular, for complex and clustered

DSBs caused, for instance, by high-LET (linear energy transfer)

radiation,1–4 cell nuclei are challenged to repair and finally

reconstitute their genome.5 High-LET radiation thus poses the

number one health risk for astronauts during interplanetary

space missions.6 On the other hand, high-LET radiation

treatment,7–9 especially by proton10 and C-ions,11 is a very

promising and highly efficient anti-cancer therapy, especially

for slowly growing brain tumors where other radiation thera-

pies fail.

These examples illustrate that understanding the mecha-

nisms underlying cellular responses to ion radiation exposure

is a key focus of contemporary radiobiological research.†These authors share last authorship.
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Densely ionizing particles cause damage responses and out-

comes that are fundamentally different from those induced by

sparsely ionizing radiation.12–15 Moreover, chromatin damage

is complex since it forms clusters, which occurs within the

limited volume of channel-like trajectories and cannot be sep-

arated into distinct formations.

DSB repair has been studied in terms of sequential protein

interactions and deemed successful if free DNA ends are accu-

rately rejoined. Radiobiology gives relatively detailed knowl-

edge of the DSB repair proteins, their biochemical modifi-

cations during repair and the entire protein sequences

involved in the different DSB repair pathways.16,17 However,

this perspective may oversimplify the complex repair processes

taking place within the chromatin environment. Since the cell

nucleus is known to be a self-organizing system,18,19 spatial

chromatin organization has to be considered as an additional

component in controlling repair processes.1

The most common repair mechanisms for DSBs are hom-

ologous recombination repair (HR) and non-homologous end

joining (NHEJ). The main difference is that HR20 requires a

DNA sequence template, whereas NHEJ21 is independent of

sequence homology. In NHEJ, damage is repaired by end lig-

ation of the DNA strands within about 1 h after induction.

NHEJ is considered as a fast but less accurate repair pathway

compared to HR. Besides these two most prominent pathways,

so called backup pathways, are also known as, for instance,

alternative end joining (a-EJ)22 etc.

Importantly, it appears that spatial chromatin organization

and its changes during DNA damage repair are directly

involved in the spatio-temporal regulation of repair processes23

and possibly also in the selection of repair mechanisms at

given sites of individual DSBs.1 To support this hypothesis,

Single Molecule Localization Microscopy (SMLM)11,12,24 was

found to be a useful method since specimen preparation is

compatible to that known for standard fluorescence

microscopy.25 By means of SMLM, it was shown that after

photon irradiation with a dose of 2 Gy, γH2AX and Mre11

showed cell type specific, nonrandom similarities in their

topology at the damaged sites.26 Also changes in nano-scaled

γH2AX organization were observed after heat treatment of the

cells.27 Although early investigations on 53BP1 repair clusters

induced by high-LET ion irradiation showed a considerable,

cell type dependent difference in the development of the

spatial organization of 53BP1 during repair,28 further systema-

tic studies of topological changes of 53BP1 in relation to

γH2AX cluster organization are still missing.

Here, we are going to present a comprehensive confocal

microscopy and SMLM study on γH2AX and 53BP1 cluster

organization and topology changes during repair after 15N-ion

irradiation of U87 cells in comparison with those in NHDF

cells. U87 cells are regarded as being highly radio-resistant cells

in comparison with NHDF cells which are supposed to show a

normal radio-sensitivity.28,29 For data evaluation the established

in-house made software package30 including DBScan,31 Ripley

statistics,32 persistent homology,33,34 persistent imaging35,36

and principal component analysis37 was applied.

Results
γH2AX and 53BP1 show a different visual appearance in

normal human skin fibroblasts (NHDF) and human

glioblastoma U87 cells

Using a combined approach of standard immunofluorescence

confocal (3D) microscopy and SMLM, we examined γH2AX and

53BP1 focus formation, persistence, and organizational changes

during DNA repair following exposure to high-LET 15N-ions in

two differently radio-resistant cell types – normal human skin

fibroblasts (NHDF) and U87 glioblastoma cells. This strategy

enabled us to analyze chromatin reorganization and the tem-

poral development of repair complexes (foci) at individual DNA

double-strand break (DSB) sites, with mutual correlation within

the same samples at both micro- and nanoscale resolutions.

The selection of NHDF and U87 cell types was motivated by the

following reasons: (a) their clinical relevance – fibroblasts are a

typical cell type exposed during external radiation, such as in

radiotherapy or space missions, whereas glioblastomas are

tumors extremely resistant to standard photon therapy and

chemotherapy; (b) the aim to explore whether the high radio-re-

sistance of U87 cancer cells is associated with differences in

chromatin responses to radiation-induced damage; and (c) the

expectation that even subtle differences in DNA damage

responses would be detectable in our study.

First, post-irradiation changes of chromatin organization

were examined, evidenced by the formation of γH2AX foci at

DNA DSB sites, and the concomitant formation of 53BP1 foci

at the microscale was analyzed. Fig. 1 and 2 compare γH2AX

and 53BP1 focus formation in NHDF and U87 cells 0.5 h after

irradiation with high-LET 15N-ions. Fig. 1 presents representa-

tive images of view-fields along with selected nuclei, which are

magnified and displayed separately for γH2AX (green), 53BP1

(red), and overlaid channels (γH2AX + 53BP1 + chromatin,

shown in R–G–B false colors) to enable comparison of focus

type formation and micro-morphology. As in previous

experiments,28,38 cells were exposed to 4 Gy of 15N-ions (E =

13.0 MeV per n, LET = 182.9 keV μm−1) in a 90° geometry, per-

pendicular to the cell monolayer and aligned parallel to the

microscopy z-stack axis. When confocal 3D images (z-stacks)

are superimposed into maximum intensity projections (as

shown in Fig. 1 and 2), this irradiation setup facilitates easy

qualitative (Fig. 1) and quantitative (Fig. 2) analyses of γH2AX

and 53BP1 focus tracks as well as out-of-track foci.

It is evident that radiation induces microscopically visible

γH2AX and 53BP1 foci in both NHDF and U87 cells (Fig. 1) at

0.5 h PI. However, while γH2AX foci in NHDF cells are typically

compact and sharply bordered, and exhibit intense fluo-

rescence, indicating well-developed foci, the corresponding

foci in U87 glioblastoma cells appear more diffuse, dispersed,

and less mature at this time point. Similar, but even more pro-

nounced, differences are observed for 53BP1 foci. Although

53BP1 foci appear to be similarly compact in both cell types,

in contrast to the pattern observed for γH2AX foci, they are sig-

nificantly less developed and smaller in U87 cells compared to

that in NHDF.
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The observed differences between γH2AX and 53BP1 foci, as

well as their focus track projections, visible even qualitatively,

prompted us to compare the micro-characteristics of these foci

in NHDF and U87 cells quantitatively. While automated soft-

ware analysis of γH2AX and 53BP1 foci at the microscale is

highly accurate in high-resolution immunofluorescence con-

focal microscopy images of nuclei after low-LET photon

irradiation, the same approach remains challenging for cells

exposed to high-LET ions even when using deep machine learn-

ing algorithms.39 To ensure the highest fidelity, we automati-

cally analyzed the micro-morphological parameters of γH2AX

and 53BP1 foci in Adobe Photoshop after manual demarcation

of individual foci (see the Methods section).

Table 1 summarizes the mean areas of γH2AX and 53BP1

foci, as well as the ratios of γH2AX to 53BP1 focus areas and

fluorescence intensities, in NHDF and U87 cells (n = 500

γH2AX and 53BP1 foci in NHDF cells and n = 602 γH2AX and

53BP1 foci in U87 cells). Notably, both γH2AX and 53BP1

focus areas were significantly smaller in U87 cells as compared

to those in NHDF (P < 0.001). Due to difficulties in comparing

absolute fluorescence intensities across samples with standard

confocal microscopy, we instead analyzed the ratios of co-loca-

lized γH2AX and 53BP1 fluorescence intensities between the

two cell types. Similarly, we examined the ratios of γH2AX to

53BP1 focus areas. While the ratio of focus areas showed no

significant difference (P = 0.669), the ratio of fluorescence

intensities was significantly different (P < 0.001). These find-

ings suggest that the micro-morphology of 53BP1 foci and the

extent of 53BP1 recruitment to DSB sites are largely dictated by

the size-characteristics of γH2AX foci, and this relationship is

maintained in U87 cells. However, the kinetics or efficiency of

53BP1 recruitment appears to be reduced in U87 cells, likely

due to defects in γH2AX focus formation, possibly reflecting

suboptimal chromatin organization.

Fig. 2 presents more detailed results from the same dataset.

Panel 2A shows qualitative micro-morphological differences in

γH2AX and 53BP1 foci within 2D projections of confocal 3D

images, along with co-localized γH2AX and 53BP1 signals in

3D space. The histograms in Fig. 2B indicate that

U87 glioblastoma cells have difficulties in forming larger

γH2AX and 53BP1 foci, while the formation of smaller foci

appears unaffected. It remains to be determined whether U87

cells are entirely incapable of efficiently forming larger foci or

if this process is simply slower. Furthermore, the histograms

and scatter plots in Fig. 2C and D demonstrate that the micro-

parameters of 53BP1 foci strongly depend on those of γH2AX

foci, and this relationship is preserved in U87 cells, albeit with

a delay or defect in γH2AX focus formation.

In parallel to IRIF sizes, we also quantified the relative fluo-

rescence intensities (RFU, 0–255) of γH2AX and 53BP1 IRIFs in

NHDF and U87 cells. Cells were irradiated with 15N ions or

γ-rays under the described conditions and analyzed 0.5- or 1 h

PI (Fig. 3).

RFU histograms (Fig. 3A; 15N ions, 0.5 h PI) revealed signifi-

cantly higher γH2AX RFU values compared to 53BP1 in both

NHDF and U87 cells. In addition, a striking difference

emerged between cell types: the integrated RFU values for

both γH2AX and 53BP1 were significantly lower in U87 cells

compared to those in NHDF, with an even more prominent

decrease observed for 53BP1 (Fig. 3A).

In contrast to the integrated RFU, which is the sum of the

RFU values of all individual pixels present within a defined

focus, the histograms of average, maximal, and minimal

γH2AX RFU showed shifts to higher values in U87 cells com-

pared to those in NHDF cells (Fig. 3A). This shift was most pro-

nounced for the minimal RFU, moderate for the average RFU,

and only slight for the maximal RFU. Conversely, RFU histo-

grams for 53BP1 consistently demonstrated significantly lower

values across all measured parameters (average, maximal,

minimal, and integrated) in cancer U87 cells compared to

those of normal NHDF (Fig. 3A).

Fig. 1 γH2AX and 53BP1 focus induction kinetics, micromorphology,

and mutual colocalization compared between normal human skin fibro-

blasts (NHDF) and human glioblastoma cells (U87) irradiated with 15N-

ions (4 Gy, E = 13.1 MeV per n, LET = 181.4 keV μm−1) and analyzed at

0.5 h post-irradiation (PI). The images shown are maximum intensity

projections composed of forty superimposed serial optical slices, each

0.25 µm thick. Top panels (A): two independent whole microscope view

fields showing NHDF (left) and U87 cells (right). Bottom panel (B):

selected individual nuclei from the top panels, magnified to better

demonstrate differences in γH2AX (green) and 53BP1 (red) foci. The

images display overlaid RGB channels (blue = chromatin, TOPRO-3)

along with separate views of γH2AX (green) and 53BP1 (red).
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These quantitative results, complemented by the smaller

IRIF areas for both markers in U87 cells, initially suggested a

potentially denser local concentration of γH2AX phosphoryl-

ation and reduced 53BP1 recruitment to γH2AX IRIFs in U87

cells compared to those of NHDF. Alternatively, these obser-

vations are also highly compatible with more intensive H2AX-

ser139 phosphorylation and/or more efficient immunofluores-

cence detection of γH2AX molecules in U87 cells. This could

be attributed to a more open chromatin architecture, which is

also indicated by the diffuse and irregular micro-morphology

observed for γH2AX foci.

To investigate this, we evaluated the global chromatin archi-

tecture in NHDF and U87 cells by analyzing Fractal Dimension

(FD) and Total Perimeter of Chromatin Domain (TPD)

(Fig. 3B). While no significant difference was observed in FD,

TPD was significantly lower in U87 cells compared to that in

NHDF, strongly suggesting that chromatin in U87 cells is, in

general, more decondensed or ‘relaxed’.

Considering this evidence for a more open chromatin state,

the histograms showing higher minimal and average γH2AX

RFU in U87 cells compared to those of NHDFs most probably

reflect more intensive H2AX phosphorylation and/or enhanced

Fig. 2 Formation of γH2AX and 53BP1 foci and micro-morphological parameters at 0.5 h PI in normal human dermal fibroblasts (NHDF) and

U87 glioblastoma cells irradiated with 15N-ions (4 Gy, E = 13.1 MeV per n, LET = 181.4 keV μm−1). Cells were irradiated perpendicular to the mono-

layer such that particles entered from the observer’s perspective. Consequently, the streaks of γH2AX and 53BP1 along the particle tracks are

oriented parallel to the z-axis in the acquired z-stacks, with the foci and focus clusters represented as projections onto the x–y plane. (A) The left

panels display representative maximum intensity projection images of γH2AX and 53BP1 foci for NHDF and U87 cells, respectively. These images are

composed of forty serial optical slices (each 0.25 μm thick). The right panels show 3D reconstructions of colocalized γH2AX and 53BP1 signals. The

outlined edges indicate approximately 15 μm in each image. (B) Histograms illustrating the distributions of γH2AX and 53BP1 focus areas [pix] in

NHDF fibroblasts (left) and U87 glioblastoma cells (right). (C) Histograms presenting the ratios of γH2AX to 53BP1 focus areas [pix] for NHDF (top)

and U87 (bottom) cells. (D) Scatter plots depicting the relationship between γH2AX and 53BP1 focus areas in NHDF (left) and U87 (right) cells. Red

lines – 95% prediction band, blue lines – 95% confidence band. Ten randomly selected nuclei were analyzed for both NHDF fibroblasts and U87

cells. This corresponds to the analysis of approximately 500 γH2AX foci and 500 co-localized 53BP1 foci per cell type for NHDFs, and approximately

600 γH2AX foci and 600 co-localized 53BP1 foci for U87 cells, analyzed in a paired manner.
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detection of γH2AX within IRIFs, attributable to the increased

chromatin accessibility in U87 cells.

The trend described above for γH2AX is, however, not reca-

pitulated by 53BP1. Despite the increased γH2AX intensities in

U87 cells compared to those in NHDF, the decreased intensi-

ties observed for 53BP1 likely reflect that decondensed chro-

matin and/or other alterations in U87 cells make 53BP1

binding to γH2AX IRIFs significantly less efficient than in

normal NHDF.

Only a slight increase in the maximum RFU in U87 cells

compared to that in NHDF cells could be explained by a satur-

ation of γH2AX phosphorylation and/or antibody accumulation

at the sites of RFU maxima. This only slightly higher maximal

fluorescence, together with significantly higher minimal fluo-

rescence, may point to an altered or alternative internal organ-

ization of γH2AX (and consequently 53BP1) IRIFs in U87 cells.

We therefore analyzed the spatial distribution of relative

fluorescence intensities within IRIFs. For this purpose, we irra-

diated cells with γ-rays, which predominantly result in single

DSBs. This approach ensures that the observed internal IRIF

architecture cannot be misinterpreted as clustering of multiple

IRIFs (DSBs), a potential artifact when using high-LET radi-

ation. Examples of NHDF (left) and U87 (right) cells irradiated

with 2 Gy γ-rays and analyzed at 1 h PI are shown in Fig. 3C.

The 1 h PI time (Fig. 3C–E), rather than the 0.5 h PI time

(Fig. 3A), was chosen to analyze more mature and morphologi-

cally developed IRIFs, though still within their assembly and

active repair phase.

While γH2AX IRIFs in NHDF cells were typically compact,

generally rounded, and sharply delineated, their counterparts

in U87 cells were more irregular, diffuse, or even punctuated,

particularly for larger IRIFs (smaller foci, however, roughly

resembled those in NHDF cells; Fig. 3C). Therefore, before

analyzing the internal architecture of these IRIFs, we con-

firmed that the larger, potentially punctuated foci represent

real repair sites and were not merely artifacts of 2D projection

from numerous IRIFs separated in 3D space (Fig. 3D). The

internal architecture of γH2AX and 53BP1 IRIFs, including

representative examples for both NHDF and U87 cells shown

in Fig. 3D, was analyzed by means of relative fluorescence

intensity heatmaps shown in Fig. 3E.

In agreement with fluorescence distribution histograms

from Fig. 3A, it is evident from Fig. 3E that the spatial fluo-

rescence distribution within IRIFs in U87 cells, especially for

γH2AX IRIFs, is more dispersed, less organized, and some-

times forms multiple maximum intensity hotspots, in stark

contrast to the regular, symmetric core of γH2AX/53BP1 IRIFs

observed in NHDF. Importantly, γH2AX maxima do not fre-

quently overlay with 53BP1 maxima in U87 cells, even when

accounting for potential color shifts due to optical aberrations.

These results thus reveal both quantitative and qualitative

differences between γH2AX and 53BP1 repair foci in normal

NHDF and cancer U87 cells, which might be related to func-

tional differences/defects in DSB repair in U87 cancer cells.

γH2AX and 53BP1 are each arranged differently during the

time course of repair in NHDF and U87

Ripley statistics of the normalized relative frequency of pair-

wise distances between the coordinates of the detected label-

ling points was performed.30,32 Fig. 4 shows the results as an

envelope of the distance histograms. A distinct peak at short

distances indicates clustering as expected for nano-foci. The

linear trend at higher distances indicates a random distri-

bution. γH2AX was present in more distinct clusters in both

cell types, especially for early repair times (Fig. 4a and b). This

indicates that clusters were formed quickly after irradiation. At

late time points, the clusters were smaller and the tendency

towards random distribution increased, indicating a decay of

γH2AX. In U87 cells the sizes were more irregular than in

NHDF cells. Note that also the control specimen and the speci-

men analyzed at 24 h PI showed some clusters due to damage

occurring during DNA replication. In contrast to γH2AX clus-

ters 53BP1 showed less compactness and a stronger tendency

towards random distribution (Fig. 4c and d). The size of clus-

ters was, on average, slightly larger or equal for 53BP1 com-

pared to that for γH2AX.

Table 1 Micromorphological characteristics of γH2AX and 53BP1 in NHDF and U87 cells irradiated with 4Gy of high-LET 15N-ions in a 90° beam

geometry, analyzed 0.5 h PI

γH2AX area [pix] ± SE Δ Δ [%] P

NHDF 159.14 ± 3.83 51.42 32.31 <0.001
U87 107.73 ± 2.59

53BP1 area [pix] ± SE Δ Δ [%] P

NHDF 115.92 ± 3.00 39.34 33.94 <0.001
U87 76.58 ± 2.29

γH2AX/53BP1 area ratio P Average fluorescence intensity γH2AX/53BP1 ratio P

NHDF 1.51 0.669 1.71 <0.001
U87 1.83 2.04

SE, standard error; Δ, difference of values; and P, statistical significance according to Mann–Whitney rank sum test.
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53BP1 accumulates into more and larger clusters colocalizing

and surrounding γH2AX clusters in both NHDF and U87

The spatial and temporal distribution of the accumulations of

the different markers was quantified using the DBScan algor-

ithm.31 In Fig. 5a, an exemplary nucleus is shown with γH2AX

clusters as well as regions with dense and sparse label accumu-

lations, presumably identifying heterochromatin and euchro-

matin, respectively. 53BP1 was found to be present throughout

the nucleus over time and even in the non-irradiated NHDF

samples (control). This supports the assumption that 53BP1 is

permanently available in the cell nucleus although not in clus-

ters but mostly dispersed (see also ref. 28). In Fig. 5a and b,

the cluster arrangement along ionizing radiation induced

tracks is visible as is typically observed from 5 min to 1 h PI.

Note that in contrast to the confocal images, irradiation was

performed by an ion beam passing the specimen under an

angle of 10°, i.e., parallel to the microscope plane (E = 13.1

MeV per n, LET = 181.4 keV μm−1). Due to repair, these traces

dissolved into smaller, separated, and randomly distributed

clusters during the time course of repair (Fig. 4b). While

largely co-localizing (Fig. 4b, bottom row), γH2AX formed

fewer and smaller clusters than 53BP1 in both cell lines. This

supports the assumption that 53BP1 surrounds γH2AX in

larger, less organized structures at the nanoscale. Cluster for-

mation differed between NHDF and U87. While the number of

Fig. 3 γH2AX and 53BP1 focus intensities 0.5 and 1 h PI in NHDF and U87 cells exposed to 15N-ions (4 Gy; E = 13.1 MeV per n; LET = 181.4 keV

μm−1) or 60Co γ-rays (2 Gy; 1 Gy min−1). Irradiation with 15N-ions was performed as in Fig. 2 and Materials and methods section. (A) Relative fluor-

escence intensity (RFU) histograms for γH2AX foci at 0.5 h PI (NHDF vs. U87), showing minimum, maximum, mean, and integrated focus intensities

(left to right). (B) Chromatin architecture parameters—fractal dimension (FD) and total chromatin domain perimeter (TPD)—compared between

NHDF and U87; decreased TPD in U87 is consistent with reduced chromatin condensation. (C) Representative nuclei of NHDF (left) and U87 (right)

irradiated with 2 Gy γ-rays and stained for γH2AX (green), 53BP1 (red), and total chromatin (TO-PRO-3, blue) at 1 h PI. (D) Colocalized γH2AX (green)

and 53BP1 (red) IRIF at 1 h PI (corresponding to IRIFs in the top row of panel E) shown in orthogonal (x–y, x–z, y–z) views; NHDF (left) vs. U87 (right)

after 2 Gy γ-rays; raw fluorescence (no normalization), linear LUTs adjusted for print contrast. (E) Representative colocalized γH2AX + 53BP1 IRIF in

NHDF (left) and U87 (right) shown as maximum-intensity projections, a single confocal slice through the focus plane, and RFU (0–255) heatmaps.
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clusters immediately increased after irradiation in NHDF cells,

the cluster formation was delayed in U87 (Fig. 5c and d). From

these results, summarizing the outcome of all cells analyzed,

we hypothesized that damage response is reduced in a sub-

stantial subset of cells of U87 for up to 8 h PI.

The average number of clusters (Fig. 5c and d) showed a

similar trend to the total number of detected events and the

percentage of signals per cluster for each cell type (data not

shown). Altogether, NHDF nuclei exhibited a stronger damage

response in the initial phase after irradiation compared to U87

nuclei, not only in the number and size of repair protein clus-

ters but also in the (faster) kinetics of their formation. These

findings suggest that repair in NHDF nuclei is largely com-

pleted, though not necessarily fully successful, within the ana-

lyzed time course, whereas in U87 nuclei repair persists

beyond 24 h.

γH2AX and 53BP1 clusters show different topological

similarities in NHDF and U87 cells

To compare the topological and geometric properties among

clusters, persistent homology analyses were performed.33,34

Here, we focused on holes (dimensions in persistent hom-

ology: 1) instead of components (dimensions in persistent

homology: 0). In algebraic topology, these properties are called

the Betti numbers40 for zero-dimensional (components) and

one-dimensional (holes) simplicial complexes. They turned

out to be very important topological invariants which help to

distinguish between different topological spaces and to ident-

ify characteristic topological patterns. Based on the results for

holes, the clusters were compared over the whole cell samples.

As a measure of comparison, the Jaccard index was calculated

between 0 (no similarity) and 1 (identity).34,41 In Fig. 6A,

examples are shown for 53BP1 clusters in NHDF cells.

Compared to the control (very low similarity), the similarity

increases during repair until 4 h PI; for later time points, it

decreases again. By comparing single clusters with each other,

the so-called first-generation heatmaps26 were obtained. The

diagonals are colored in the darkest blue, since they represent

the identity.

By averaging the first-generation heatmaps for each com-

parison, γH2AX and 53BP1 at all different repair times in both

cell types, the so-called second-generation heatmaps26 were

prepared in which one pixel represents the mean value of a

complete first-generation heatmap (Fig. 6B). The second-gene-

ration heatmaps present an overall trend of each time cohort.

The highest degree of similarity occurred at 1 h PI for γH2AX

clusters in NHDF cell nuclei (upper left section in Fig. 6B)

Fig. 4 Ripley histograms of relative pairwise distances for γH2AX (a and

b) and 53BP1 (c and d) labelling points in NHDF (a and c) and U87 (b and

d) cells. The relative frequencies of distances between fluorophores for

each channel and cell type are shown within a 300 nm distance for each

cohort.

Fig. 5 Cluster analysis of γH2AX and 53BP1 in NHDF and U87 cells. For

all images and plots, the DBScan cluster parameters R = 200 nm and

Nmin = 70 were used. (a) A nucleus of the NHDF 5 min post-irradiation

sample was chosen, to show the distribution of γH2AX throughout the

nucleus. The clusters are shown by red points in closed green areas. (b)

Exemplary NHDF images were chosen to highlight the main trend per

cohort. The first two rows show the identified cluster for each channel.

The last row shows the overview images of the nucleus (grey) with the

co-localization (red) of γH2AX (green) and 53BP1 (blue). The scale of

each image is 1 μm. (c) and (d) The average number of clusters for NHDF

and U87 is shown, respectively. (e) and (f) The average cluster area for

NHDF and U87 is shown, respectively. The error bars (tubes) represent

the error of the mean.
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while it occurred with a delay at 4 h PI in U87 cell nuclei.

Although the cluster number for γH2AX was upregulated at

24 h PI, the topological analysis showed a comparably lower

similarity score as for the control (top left section in

Fig. 6B).

This would agree with the hypothesis that ionizing radi-

ation-induced clusters are different from the ones occurring

naturally. Thus, after 24 hours, the regulation of γH2AX

accumulation could be similar to that of the control since

ionizing radiation induced DSB repair mechanisms were fin-

ished. Cluster similarity of the control and the 24-hours

sample was comparatively low. So the question remains

whether the regulation of γH2AX returned into its initial state.

For 53BP1 in NHDF (bottom right section in Fig. 6B), the

lowest similarity degree was observed for the control and

5 min PI samples. Compared to γH2AX, the similarity,

however, is in general much higher, indicating repair structure

persistence up to 4–8 hours. A clear temporal development

was not observed for U87 cells. Altogether, 53BP1 clusters

showed a higher level of topological similarity than γH2AX for

both NHDF and U87.

γH2AX is more evenly dispersed throughout clusters than

53BP1 in NHDF and U87

As part of the persistent homology analysis, identified clusters

and their development and distribution over time were investi-

gated. The frequency of births and deaths of holes was calcu-

lated for different times after irradiation. This represents an

overview of the total percentage of holes that were formed

within a certain radius range of the artificial circles of persist-

ent homology.34

For γH2AX, overall, more (>60%) small holes (0–10 nm)

than big holes (>20 nm) were observed. Only 2% of the holes

were further apart than 60 nm, indicating the absence of large

separations. Comparing U87 with NHDF for γH2AX clusters, a

lower number of big holes was found for U87, indicating a

higher dispersion within γH2AX clusters. More topological

changes in hole size were observed for NHDF than for U87

over time. More precisely, NHDF showed an increase of

approximately 12% in the number of large holes between 0.5

and 4 h PI. This correlates with an increased repair-protein

activity, which reached its maximum at 1 h PI.

Although the point density within clusters was much

higher for 53BP1, the high number of large holes indicated a

widely dispersed arrangement. Furthermore, the fewer small

holes in 53BP1 clusters compared to those in γH2AX reassured

the more even point dispersion throughout the clusters.

For 53BP1 cluster in NHDF, the number of small holes was

reduced and big holes increased from 0.5 h onwards, reaching

a maximum number of large holes (55%) at 1 h PI. This was

followed by a decrease in large holes from 4 h PI onwards. The

arrangement of 53BP1 into nano-foci with halo substructures

indicated its location around γH2AX.

In U87, the number of small holes for 53BP1 clusters was

3–5% less and the number of big holes was 10% higher than

that in NHDF. Furthermore, 53BP1 clusters in U87 contained

4% holes with radii larger than 40 nm. The highest number of

big holes occurred at about 0.5 to 1 h PI (Fig. 7).

Principal component analysis reveals the major organization

development of γH2AX and 53BP1 foci during repair

By means of principal component analysis (PCA)37 the topolo-

gical data of γH2AX and 53BP1 were reduced to those main

features that showed the largest variations. These uncovered

biological features changed significantly during chromatin

repair development.30 The plots shown in Fig. 8 revealed the

first two components with the largest effects on the chromatin

organization. The latent spaces for these two components

(called components 0 and 1) based on the normalized data of

each labeled protein and cell line are shown in Fig. 8a–d.

Because the number of recorded events also contains infor-

mation about DNA repair, the results were normalized to the

number of events in order to investigate solely the underlying

structural properties.

γH2AX and 53BP1 were located at distinct regions of the

latent PCA space both in NHDF and U87 cells (Fig. 8a and b).

As shown recently,30 a temporal development during the repair

process was observed as indicated by the arrows for both pro-

teins and cell types. In NHDF cell nuclei, the 24-hour postirra-

diation sample showed a topology very similar to the control

for γH2AX, while the 53BP1 data tended towards the 5-minute

postirradiation sample. These findings may support the

hypothesis that, after successful DSB repair, repair proteins re-

establish their initial spatial organization.

U87 cells behaved differently, with the final 53BP1 topology

significantly diverging from its original state. Here, the 24 h

γH2AX position (i.e., topology) shifted back towards the

Fig. 6 (A) Example for a series of first-generation heatmaps for 53BP1

in NHDF cells. (B) Second generation heatmaps for γH2AX and 53BP1 in

NHDF and U87 cells (for details see the text).

Paper Nanoscale

4406 | Nanoscale, 2026, 18, 4399–4418 This journal is © The Royal Society of Chemistry 2026

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

9
 J

an
u
ar

y
 2

0
2
6
. 
D

o
w

n
lo

ad
ed

 o
n
 4

/2
2
/2

0
2
6
 1

2
:1

5
:2

2
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online



5-minute position, whereas 53BP1 adopted a completely

different topology relative to the control. Direct comparison of

γH2AX (damaged chromatin) topology cycles between NHDF

and U87 cell lines (Fig. 8c) provides further support for the

above hypothesis that damaged chromatin topology and organ-

ization return to their original, pre-irradiation states—particu-

larly in normal NHDF cells, but not in U87 cells.

In contrast, for 53BP1, the 24-hour outcome differed signifi-

cantly from the control in both normal NHDF and cancer U87

cells (Fig. 8d). This suggests that, in control specimens, 53BP1

is more evenly dispersed throughout the nucleus, whereas at

24 h PI it still remains partly clustered.

In Fig. 8e–l, the persistent images of the holes (component

0 only) were compared for the controls and the 24 h PI sample.

For γH2AX in NHDF cell nuclei (Fig. 8e and f), the distri-

butions were very similar, but for 24 h PI larger holes dis-

appeared while smaller ones appeared (Fig. 8f). This is consist-

ent with the observed movements in latent space shown in

Fig. 8a and c. In contrast to NHDF, the 24 hours value in U87

cell nuclei showed disappearing small holes (Fig. 8h) com-

pared to the control (Fig. 8g).

For 53BP1, the situation was completely different (Fig. 8i–l).

In NHDF cell nuclei the small holes disappeared in the controls

(Fig. 8i) while the 24 hours data revealed the opposite (Fig. 8j).

The latter was also found for U87 at 24 h PI (Fig. 8l). In U87 con-

trols, all sizes indicated a growing appearance (Fig. 8k).

Discussion

DNA double-strand breaks (DSB) are the most deleterious

lesions induced by IR. The radioresistance of cells is thus

closely linked to the efficiency of DSB repair, particularly in

certain cell types. While the biochemical aspects of DSB repair

pathways have been studied in detail, over the past decades it

has become evident that chromatin organization plays a pivotal

role in both DSB repair1 and carcinogenesis. This raises the

intriguing question of how this phenomenon influences the

radioresistance of highly radioresistant cancer cells, such as

U87 glioblastoma cells42,43 studied in the present work.

Fig. 7 Frequency of births (A) and deaths (B) of topological holes in %

for γH2AX (a and c) and 53BP1 (b and d) nano-foci in NHDF fibroblasts (a

and b) and U87 cells (c and d) vs. radius ranges in nm. These radii used in

persistent homology calculation are artificially surrounding the regis-

tered labeling points (components) and increase. Whenever two

increasing radii attach, two components are connected and thus merge

into one. If a closed loop component appears during this process, the

free interior forms a hole (birth) which exists until the circles completely

covered the free space (death). Different curves were obtained for the

different times after irradiation in comparison with the non-irradiated

controls. For further details see the text.

Fig. 8 Principal component analysis of persistent imaging for γH2AX (c)

and 53BP1 (d) in NHDF (a) and U87 (b) cells. The appearance (e, g, i and

k) and disappearance (f, h, j and l) of holes of different sizes are visual-

ized for NHDF (e, f, i and j) and U87 (g, h, k and l) cells for γH2AX (e–h)

and 53BP1 (i–l). For further details see the text.
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It has only recently been hypothesized that the local topo-

logy of chromatin actively shapes the assembly or IRIFs and

DDR at individual damage sites.23,28,44–46 Furthermore, the

architecture of the entire chromatin network—acting as a

system14,47
—also appears to participate in the DDR and

genome stability determination.14,18,47,48 Therefore, we exam-

ined the interplay between γH2AX-marked chromatin organiz-

ation at DSB sites, 53BP1 repair foci (IRIF) architecture, global

chromatin network, and the radiosensitivity of NHDF (normal

control) and U87 cells, achieving a comprehensive understand-

ing of the critical roles of chromatin organization in radiation-

induced DNA damage response.

γH2AX specifically marks DSBs and, as an incorporated

histone, inherently reflects local chromatin organization at

these sites.14,16,26,28,30,46,49–52 In contrast, 53BP1 is an early

recruited repair protein that preferentially promotes NHEJ over

HR.53 By binding directly to γH2AX-marked chromatin, 53BP1

provides a scaffold for the recruitment of additional repair

factors15 and is thus critical for assembling pathway-specific

repair complexes. Parallel labeling of γH2AX and 53BP1 thus

enabled the investigation of how dynamic chromatin altera-

tions at DSBs influence the timing and organization of repair

complex assembly.

The unique aspects of this study are: (a) multi-scale (micro-

to nanoscale) analyses of chromatin and IRIFs, ranging from

repair foci to single-molecule distributions, and (b) the exam-

ination of cells irradiated with 15N ions. Accelerated high-LET

heavy ions generate more profound yet less understood effects

on chromatin8,9 than photon radiation,11,12,46 as they are rarely

available for experimental study. This knowledge gap limits

hadron therapy development and hinders manned space

mission to Mars.6

Microscale differences in γH2AX and 53BP1 IRIFs between

normal NHDF and radioresistant U87 cancer cells

We first analyzed γH2AX and 53BP1 IRIF features in 3D-fixed

cells using immunofluorescence confocal microscopy. While
15N ions induced visible γH2AX and 53BP1 IRIFs already at

0.5 h PI, marked differences were evident in their constitution

and size between normal NHDF and U87 glioblastoma cells.

IRIFs in U87 cells appeared smaller, more irregular, diffuse,

and immature compared to NHDF cells, with even more pro-

nounced differences for 53BP1. IRIF size distributions revealed

that, while U87 cells retained the ability to form small γH2AX

and 53BP1 IRIFs, they failed to generate larger ones.

The reduced capacity of U87 cells to form larger γH2AX and

53BP1 IRIFs early (0.5 h PI) after irradiation correlated with

decreased 53BP1 fluorescence intensity. In contrast, γH2AX

exhibited significantly higher minimal and average intensities,

with only a slight increase in maximal intensities compared to

those of NHDF cells. This disproportionate increase in

minimal versus maximal γH2AX fluorescence, along with

altered 53BP1 binding, suggests an altered internal IRIF archi-

tecture in U87 cells.

The observed changes in the IRIF architecture were

accompanied by pan-nuclear chromatin decondensation in

U87 cells, indicated by a similar fractal dimension (FD) but a

decreased total chromatin domain perimeter (TPD) compared

to NHDF cells.

Collectively, our results highlight local chromatin and IRIF

architecture as significant regulators of DSB repair, which is

distinctly altered in radioresistant U87 cells, although further

time-course analyses are needed to distinguish between a per-

manent structural defect and delayed IRIF formation. Also, it

should be noted that fluorescence intensity studies, along with

FD and TPD measurements obtained through confocal

microscopy, should be interpreted with caution due to their

threshold sensitivity.

Nanoscale topology of γH2AX and 53BP1 IRIFs in normal

NHDF and radioresistant U87 cancer cells: changes during the

repair period

We analyzed the topology of γH2AX and 53BP1 foci in NHDF

and U87 cells at single-molecule resolution (10–20 nm) and

over a prolonged post-irradiation period (24 h PI) by SMLM

microscopy. In combination with Ripley distance analysis and

topological investigations of network formation, this approach

offered a unique opportunity to overcome the Abbe limit and

achieve the desired resolution, utilizing the same cell prep-

arations previously employed for confocal microscopy. To

maximize the precision of SMLM experiments, irradiation was

performed parallel (10°-angle) to the cell monolayer28 and the

dose was reduced to 1.25 Gy, ensuring only a few ion tracks per

nucleus.

SMLM analysis of γH2AX and 53BP1 cluster sizes (the term

“cluster” is used instead of “IRIF” due to the unclear relation-

ship between them) revealed similar behavior for γH2AX in

both NHDF and U87 cells, with a rapid increase after

irradiation reaching a peak at 1 h PI, followed by a return to

the baseline at 24 h PI. In contrast, 53BP1 cluster areas in U87

cells showed significant fluctuations around the baseline up to

4 h PI, only starting to increase thereafter, peaking at 8 h PI.

This indicates a delayed formation of 53BP1 IRIFs and poten-

tial repair initiation in U87 glioblastoma cells compared to

those in NHDF cells, consistent with the slower increase in

both γH2AX and 53BP1 cluster numbers per nucleus after

irradiation, present confocal microscopy results, and our pre-

vious study results.28 While the above-introduced results

cannot be fully interpreted without additional knowledge, col-

lectively they suggest a delayed and perhaps diminished repair

process in radioresistant U87 cells, as discussed later.

Persistent homology was employed to further investigate

the nanostructures of identified clusters and their regulation

over time. This analysis quantified topological features by

measuring similarities among the clusters’ components

(denser protein accumulations) and holes (the empty spaces

between them). Consequently, persistent homology enabled

the comparison of scale- and rotation-invariant features, high-

lighting rearrangements in chromatin and protein organiz-

ation over time.

Comparing the averaged similarities of both cell lines using

second-generation heatmaps, 53BP1 clusters were generally
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found to be more similar to one another during the repair

process than γH2AX clusters. Since DSBs induced by high-LET

ion irradiation create chromatin damage of varying complexity

and/or multiplicity, γH2AX is expected to form more diverse

and less similar arrangements. In contrast, 53BP1 accumu-

lations may be more controlled and organized around DSB

lesions. This higher mutual similarity of 53BP1 foci to γH2AX

foci, regardless of cell type, may also indicate that while the

chromatin architecture must be preserved, 53BP1 adopts a

liquid droplet-like structure.54 Notably, a substantial similarity

between 53BP1 and γH2AX clusters was observed in U87 cells,

suggesting an adaptation of both arrangements.

However, by comparing the cell types, NHDF cells showed a

conclusive temporal development for both repair factors,

whereas this trend was not observed in U87 cancer cells. U87

displayed small and apparently random changes of averaged

cluster similarities. For γH2AX, a more distinct peak in simi-

larity was only found around 4 h PI, while for 53BP1, a broader

peak occurred from 0.5 to 24 h PI.

It was hypothesized that the DDR was initially upregulated

in a more random manner due to severe and complex

damage.28 A so-called “state of alarm” might pre-dominate the

cell. After the initial repair activities were completed and acute

damage was resolved, the remaining potentially more complex

lesions were subsequently addressed. Thus, the peaks in

cluster similarity for both markers could represent stricter

regulated repair after overcoming the acute phase. This hypoth-

esis was further supported by the result that 53BP1 persisted in

the most similar structures for almost 24 h, whereas γH2AX

showed the highest similarity only in the early hours PI.

As another possibility, but not necessarily mutually exclu-

sive, functionally and structurally distinct chromatin domains

may be affected by DSBs, leading to substantial variability in

γH2AX foci. With increasing PI time, chromatin tends to adopt

a more uniform structure that is better suited for DSB proces-

sing. After free DNA ends are rejoined, the chromatin architec-

ture attempts to revert to its original state, which differs across

individual domains. This reversion process can also proceed

with distinct kinetics, for example between heterochromatin

and euchromatin.

By juxtaposing individual clusters within each cohort using

the first generation heatmaps,26 another temporal trend for

53BP1 clusters was observed in NHDF. Clusters in the non-irra-

diated control and at early PI times appeared to be evenly non-

similar. Afterwards the similarity increased up to 4 h PI.

Finally, at 24 h PI, some 53BP1 clusters became more similar,

even though the overall similarity decreased. Therefore, 53BP1

clusters seemed to increase in heterogeneity over time. This

trend was not observed for γH2AX.

Despite an unexpected increase in the number of γH2AX

clusters at 24 h PI (perhaps due to the recurrence of S/G2-cells

after cell cycle arrest release), the topological analysis30

revealed a similarity score nearly comparable to that of the

control, but slightly shifted in both components (0 and 1).

This supports the hypothesis that clusters with radiation-

induced damage differ from naturally occurring ones in the

control. After 24 h, the regulation of γH2AX accumulation may

resemble that of the control, indicating the completion of radi-

ation-induced DSB repair.

The principal component analysis identified repair steps

that were accompanied by changes in repair focus features,

i.e., shifts in the average topology values within the latent

space. Therefore, this analysis method was used to further

investigate whether different DDR factors (γH2AX and 53BP1)

and cell types (NHDF and U87) show different shifts during

the PI-period (tracks) in PCA imaginary space.

When comparing γH2AX and 53BP1 proteins within a given

cell line, γH2AX and 53BP1 tracks were consistently separated

in the latent spaces for both cell types. This indicates that the

differences in γH2AX and 53BP1 focus structures, as well as in

the kinetics of their alterations, are more pronounced and may

represent a conserved feature across both cell types.

Comparing the cell lines for a given protein, a highly

similar temporal development in the latent space was found

for both, γH2AX and 53BP1, respectively. This supports the

trend of adaptation as described above.

For γH2AX, the controls and the 24-hour cohorts were

located in the negative space compartments, whereas the post-

irradiation cohorts corresponding to the active repair period

were positioned in the positive ones. This observed separation

is consistent with the proposed hypothesis that the regulation

and topology of γH2AX domains return to their initial state.

For 53BP1, such behavior was neither expected nor observed.

Interestingly, the active repair cohorts up to 24 h PI overlapped

in the latent space, whereas the non-irradiated controls were

the most distant with respect to component 1.

Using persistence images, the development of hole sizes for

the individual time cohorts was quantified. Here, both NHDF

and U87 cell lines and γH2AX and 53BP1 proteins differed fun-

damentally. For NHDF, no small holes (50–150 nm) were

observed in 53BP1 clusters in the control samples, whereas

they were consistently present in all irradiated samples. The

constant presence of equal sized holes indicates a controlled

arrangement of 53BP1 around the damage.

In contrast, in U87 cells, small holes were also observed but

accompanied by larger ones during the period from 0.5 to 4 h

PI. These differences in hole sizes may reflect a less consistent

response or indicate chromatin decondensation, in agreement

with more heterogeneous arrangement of IRIFs in U87 cells

according to the confocal microscopy heatmaps.

For 53BP1, the situation was just complementary in NHDF

cell nuclei. While larger holes dominated in the control, the

small holes considerably increased in 24 h PI. This was also

found in U87 cells, indicating that this is a principal feature of

53BP1 cluster relaxation. This, however, differed considerably

from the 53BP1 control in U87 nuclei. Altogether, the PCA

revealed fundamental differences between the cell types, the

repair factors, and the repair development.

Certain limitations of the present SMLM study should be

acknowledged. Cells were visually preselected for SMLM data

acquisition based on specific criteria (Methods section), as

both the acquisition and data evaluation processes are extre-
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mely time-consuming. This preselection may introduce bias;

however, the same criteria were applied consistently across all

datasets, reflecting common practices in microscopy to mini-

mize outcomes affected by sample preparation quality.

Additionally, slides were not always prepared in triplicate

due to limited beam time at high-energy particle accelerators

and logistical challenges related to transporting samples

between CR, Germany, and Russia for irradiation and analysis

at micro- and nanoscale.

Finally, biological variability must be considered.

Alekseenko et al. highlighted the challenges in achieving

reproducibility of quantitative results across individual cancer

cells. Slight variations in the microenvironment for each cell

may lead to functional differences, even among cells from the

same tumor or cell type. While such variability might be negli-

gible in bulk experiments, it can become significant in single-

cell analyses. In other words, the greater the precision of

single-cell analyses, the more apparent individual variations

may be recorded, even without the use of independent experi-

mental replicates.

Implications for DSB repair and radioresistance of cancer cells

Our results have significant implications for DSB repair and

cancer cell radioresistance, although many questions remain

unanswered. The more intense yet less/differently organized

γH2AX IRIFs observed in U87 cells suggest that decondensed

chromatin enhances repair protein trafficking within the

nucleus and their access to DSB sites.55 However, the associ-

ated chromatin disorganization within IRIFs seems to hinder

53BP1 binding and may also mobilize free DNA ends. These

observations suggest a deregulation or adaptation of DSB

repair, potentially shifting towards alternative, resection-based

mechanisms56,57 that are more robust yet highly mutagenic.

This is further supported by the anticipated shift of U87 cells

to the G2 phase (unpublished results), in contrast to NHDF,

which, under the experimental conditions of this study (80%

confluence, see “Materials and Methods section”), were predo-

minantly irradiated in the G1 phase and repaired via NHEJ or

alternative pathways.53

Collectively, these observations may explain the greater

capacity of U87 cells to remove complex or clustered DSBs,28

though potentially at the expense of repair fidelity.28 Some

authors consider (altered) DSB repair mechanisms to be a

primary driver of radioresistance in U87 cells.58 U87 cells may

also adapt to survive despite having unrepaired DNA. In fact,

cancer cells, in particular, can often recover from cell cycle

arrest even with residual DSBs present.59

Furthermore, our results imply that the relationship

between the chromatin architecture and IRIF formation is

complex and not always straightforward. The observation that

precise tuning of the chromatin architecture is crucial for bal-

ancing DSB repair efficiency and precision aligns with our pre-

vious studies, which have shown that both excessive chromatin

condensation (induced by hyperosmotic media) and decon-

densation (caused by hypoosmotic media or Trichostatin A)

negatively impact DSB repair, leading to delays or even com-

plete failure.60 Notably, while repairing DSBs resumed after

returning cells to isotonic conditions, chromatin decondensa-

tion led to long-term or even permanent repair impairments.

This evidence and similar observations during natural

differentiatian55,61 suggest that the altered chromatin architec-

ture can prevent IRIF formation and hinder the appropriate

restoration of the original chromatin structure during and

after the repair process.

Our hypothesis that the irregular and often punctuated

γH2AX IRIFs in U87 cells, characterized by multiple, dispersed

53BP1 fluorescence intensity cores on spatial fluorescence

intensity heatmaps, arise from chromatin decondensation is

strongly supported by Granzotto et al.62 They observed concen-

tration-dependent fragmentation of γH2AX IRIFs into numer-

ous subfoci (up to about 13) in ‘mutation-free’ normal fibro-

blasts treated with sodium butyrate, which induces chromatin

condensation without causing additional DSBs.

Additionally, using SIM2 microscopy combined with super-

resolution FRAP (FRAP-SR), Wu et al.63 identified two types of

53BP1 IRIFs: compact, stationary IRIFs and amorphous IRIFs

with dynamic shape changes. In FRAP-SR, amorphous IRIFs

exhibited rapid recovery of 53BP1-EGFP within distinct sub-

compartments, indicating varied protein mobilities and func-

tions within a single IRIF. In contrast, compact IRIFs recovered

53BP1-EGFP uniformly as a single compartment but displayed

heterogeneous recovery rates. These two types of 53BP1 IRIFs

parallel the differences we observed between NHDF and U87

cells; however, the protein dynamics within these IRIFs still

require further investigation.

The inability of U87 cells to form larger γH2AX IRIFs and

their preference for resection-based repair support the hypoth-

esis that IRIFs associated with NHEJ, HR, and alternative

repair mechanisms exhibit distinct morphological features.

Remarkable differences in the γH2AX/53BP1 IRIF morphology

between G1 vs. S/G2 nuclei have been observed also in ref. 64.

In addition, the PCA of γH2AX/53BP1 IRIF features in individ-

ual head-and-neck tumors revealed inter-patient variability,39

which in at least some cases appeared to correlate with DSB

repair kinetics.65

In contrast, the highly similar size- and intensity-ratios of

γH2AX and 53BP1 foci in NHDF and U87 cells demonstrate

that the general rules of repair complex formation are pre-

served even in cancer cells. This suggests an architectural

relationship between γH2AX and 53BP1 foci, indicating that

γH2AX-marked chromatin at DSB sites dictates the organiz-

ation of repair complexes and is therefore functionally

relevant.

Causes of IRIF defects in U87 cells: which came first, the

chicken or the egg?

A fundamental yet complex question remains: what underlies

the observed DSB domain and IRIF defects or adaptations in

U87 cells, and how do these changes affect radiosensitivity?

One possibility is that alterations in the global architecture of

the chromatin network influence the local chromatin environ-

ment at DSB sites. This, in turn, impacts the access and
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binding of DSB repair proteins, including various chromatin

remodelers, to the damaged areas, thereby affecting sub-

sequent steps in IRIF formation and DSB repair, with impli-

cations for the cell’s radioresistance. Moreover, disrupted or

un-restored chromatin organization following DNA repair may

contribute to increased genomic instability in cancer cells

after irradiation. This can occur, for instance, through the acti-

vation of specific epigenetic pathways, driving these cells

toward distinct fates compared to their normal counterparts,49

including the generation of radioresistant tumor cell clones.49

U87 cells exhibit a broad spectrum of mutations, with

512 genes homozygously mutated, which may directly or

indirectly influence the chromatin architecture. PTEN

mutation promotes the dissociation of histone H1 and

increases histone H4 acetylation at lysine 16.66,67 Another sig-

nificant genetic defect contributing to global chromatin decon-

densation in glioblastoma cells is the overexpression of class I

HDACs.68

In high-grade glioma, mutations in histone H3, such as the

H3K27M ‘oncohistone’, reduce the repressive mark H3K27me3

and increase activating marks H3K27ac and H3K36me2/3.69

Sharda et al. then illustrated that dynamic changes in histone

H3 phospho-acetylation correlate with the radiosensitivity of

mitotic cells.70 Furthermore, 3D genome studies revealed

hypermethylation of a CCCTC-binding factor (CTCF) motif in

certain IDH1 mutant gliomas, leading to the removal of

boundaries between chromatin domains.71 Collins et al.

demonstrated that the deletion of a CTCF motif reduces

γH2AX spread within a TAD,72 which agrees well with the

smaller sizes of γH2AX observed in U87 cells in the present

study.

These examples, while not always directly relevant to U87

cells specifically, highlight the complex effects of mutations

on the epigenetic chromatin landscape in gliomas.

Consequently, the combined effects of mutations and other

factors shaping the chromatin architecture likely create a

specific environment that regulates IRIF formation at both

global and DSB site-specific levels.1 Notably, about 50% of

cancer driver genes encode chromatin-bound proteins.73

Moreover, cancer-associated mutations can indirectly alter

the chromatin architecture by affecting cell signaling and

metabolic pathways.74 For instance, Sulkowski et al. demon-

strated that oncometabolites produced by IDH1 or

IDH2 mutations inhibit the lysine demethylase KDM4B,

leading to aberrant hypermethylation of H3K9 at DSB sites.

This masks local H3K9 trimethylation signals and disrupts the

binding of TIP60, ATM, and downstream proteins to IRIFs.75

Although U87 cells possess wild-type IDH1 and IDH2 genes,

similar metabolic mechanisms may still occur.

Conversely, IRIF defects and adaptations may result from

mutations and altered functions of IRIF-binding proteins, but

the literature does not provide a conclusive perspective on this

matter.

In p53-mutated glioblastoma cell lines, PTEN deficiency

enhanced RAD51 levels throughout the cell-cycle, leading to

the formation of RAD51 IRIFs, potentially with an altered

architecture, even outside the G2/S phase.76 However, a more

recent study did not confirm PTEN-induced RAD51 over-

expression in U87 cells.77 RAD18—significantly overexpressed

in U87 cells78—stabilized 53BP1 IRIFs, thereby supporting

NHEJ and positively correlating with U87 radioresistance.79 In

contrast, the same genetic defect has also been linked to

stimulated HR,80 which is better compatible with the compro-

mised/delayed 53BP1 IRIF formation observed in U87 cells in

the present study. In glioblastoma cells—though not specifi-

cally in U87 cells, where GOS2 is not overexpressed—GOS2

overexpression via the mTOR/S6K/RNF168/53BP1 signaling

pathway inhibited γ-H2AX IRIF assembly. This corresponds to

our observations of inefficient/delayed γ-H2AX IRIF formation;

however, overexpressed GOS2 also stabilized 53BP1 and 53BP1

IRIFs.81

The stability of 53BP1 appears unaffected in U87 cells, as

we observed a significant pool of this protein in U87 nuclei.28

Its inability to form IRIFs thus stems from the altered chroma-

tin architecture in IRIFs or unknown mutations of 53BP1 and/

or its interacting partners. The former possibility is supported

by a recent study by Chen et al.,82 which demonstrated that

epigenetics likely drives the cellular heterogeneity of glioblas-

toma cells, while mutation load plays a modifying role. The

significant impact of the chromatin architecture on IRIF for-

mation was further demonstrated by Granzotto et al., who

found that γH2AX IRIFs fragmented into subclusters due to

chromatin decondensation, even in ‘mutation-free’ normal

fibroblasts.62 However, with approximately 35 interchromoso-

mal translocations, 1315 structural variations, 191 743 small

insertions and deletions, and 2 384 470 single nucleotide vari-

ations in U87 cells,66,83 along with additional alterations from

alternative splicing84,85 or aberrant non-coding RNA

expression,86 it is challenging to rule out that IRIF defects in

U87 cells result partly from genetic defects in repair and

related proteins.87

The chromatin environment, gene mutations (in repair pro-

teins), and other factors likely operate in a highly intercon-

nected manner. For example, overexpressed HDACs globally

open the chromatin architecture while also interacting directly

or through partners, such as RAD18, with HR88 and NHEJ

members.76 Notably, RAD18 directly interacts with 53BP1,

ensuring its retention at DSB sites via monoubiquitination at

lysine 1268. Reduced RAD18 expression in glioma cells89 can

thus contribute to decreased 53BP1 accumulation at DSBs.

This complexity makes it challenging to clearly define the

effects of individual factors on the chromatin and IRIF archi-

tecture, and U87 cell radioresistance, complicating the estab-

lishment of causality.

High-LET versus low-LET radiation

The spatial heatmaps analyzing the internal γH2AX and 53BP1

IRIF architecture, shown in Fig. 3, were generated using γ-rays

to avoid artifacts caused by multiple DSB clustering after high-

LET IR exposure. These heatmaps showed differences in

γH2AX and 53BP1 IRIF architectures in U87 cells, consistent

with observations from other experiments using 15N ions.
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Thus, high-LET and low-LET radiation appears to be associated

with similar defects and adaptations of IRIFs and DSB repair

at the microscale. Furthermore, a comparison of γH2AX and

53BP1 nano-topologies during the repair period in the latent

PCA space for normal NHDF fibroblasts exposed to γ-rays and
15N ions revealed similar trends (Discussion section and

Fig. 9). However, while this movement was present for both

low- and high-LET radiation, the extent and specific character-

istics varied significantly across different cancer types. These

analyses will be the focus of a comprehensive separate study.

An additional factor requiring detailed investigation in the

context of radiation LET, cell type, IRIF architecture, repair

pathway choice, and cellular radioresistance is the contri-

bution of the cell cycle. The distribution of normal and cancer

cells across cell-cycle phases can differ substantially, as can

the duration of post-irradiation cell-cycle arrest following

exposure to γ-rays and high-LET ions.90–96

Conclusions and future perspectives

In conclusion, we found that the morphological and topologi-

cal parameters of γH2AX and 53BP1 IRIFs are mutually corre-

lated—both at the micro- and nanoscale—and that this

relationship is preserved even in cancer cells, at least to some

extent. This observation supports the hypothesis that the for-

mation of IRIFs is controlled, at least in part, by the local chro-

matin architecture at individual DSB sites and by its remodel-

ing during the initial phase of repair.1 However,

U87 glioblastoma cells display specific morphological and

topological alterations in γH2AX and 53BP1 micromorphology

and nanotopology compared to normal NHDF fibroblasts.

These alterations may indicate an initial delay in DSB repair,

altered repair pathway choice, more efficient removal of

complex and/or multiple DSB lesions, increased post-

irradiation genomic instability, and tolerance to such instabil-

ity. The conclusions on increased post-irradiation genomic

instability in U87 cells are strongly supported by SMLM com-

bined with PCA analysis, which revealed significant differences

in the movement of γH2AX and 53BP1 focus topology in the

latent PCA space during the repair process. While in NHDF

fibroblasts the topology of repair foci returned to values close

to those of non-irradiated controls after 24 h—forming closed

loops in the PCA space—U87 cells exhibited open trajectories,

indicative of incomplete restoration of the pre-irradiation chro-

matin architecture at DSB sites. As similar conclusions were

previously reported for the global chromatin

architecture,14,47,48,97 our findings suggest that the observed

defects in chromatin restoration may promote epimutations98

and increased genetic instability, for example through less

efficient silencing of transposons in heterochromatin or dereg-

ulating transcription networks. Importantly, genomic instabil-

ity can be further augmented by the fact that especially cancer

cells can recover from the cell cycle arrest even in the presence

of residual DSBs, once their number per nucleus decreases to

approximately 10–20.59

Comparing our results on the DSB markers γH2AX and

53BP1—the latter being predominantly associated with NHEJ

—with proteins such as MRE11 or RAD51, which serve as

mediators of HR, could provide valuable insights into the

differences between repair pathways and the mechanisms

underlying pathway choice in future. The spatial organization

of chromatin at individual DSB sites seems to play a crucial

role in determining the most appropriate repair mechanism

for each specific DSB site, with crucial implications for cancer

cell radioresistance and genomic (in)stability.1,14,48

Methodologically, super-resolution SMLM provided detailed

insights into nuclear and cluster-level structures, underscoring

the value of this method for studying DNA repair.99–102

Accordingly, this approach should be upgraded, e.g., to

3D-SMLM, and integrated into future investigations.

Materials and methods
Sample preparation

Cell culturing. Cell culturing is described in detail in ref. 2,

28 and 38. In brief, neonatal human dermal fibroblasts

(NHDF) (Lonza Group AG, Basel, Switzerland, CC-2509) and

human U87 glioblastoma (ATCC, Manassas, VA, USA, HTB-14)

Fig. 9 Principal component analysis of persistent imaging for (a) γH2AX

and (b) 53BP1 in NHDF fibroblasts after irradiation with 2 Gy g-ray

photons (compare with Fig. 8a–d for 15N ions).
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cell lines were cultured in Dulbecco’s modified Eagle’s

medium (DMEM), containing 10% fetal calf serum (FCS)

and 1% gentamicin–glutamine solution (Sigma-Aldrich,

St Louis, Missouri, USA) and incubated in T-25 cell flasks at

37 °C and with 5% CO2. Cells were seeded on Petri dishes

with 80% confluence and aseptically sealed with Parafilm

M-medium (Sigma-Aldrich, St Louis, Missouri, USA) prior to

irradiation.

Cell irradiation with heavy ions. Cells cultured on glass cov-

erslips (mounted on the bottoms of Petri dishes) were irra-

diated with 4 Gy (for confocal imaging) and 1.25 Gy (for

SMLM) of nitrogen ions (15N) at an energy of 13.1 MeV per n

and a linear energy transfer (LET) of 182.9 keV µm−1 (4 Gy)

and 181.4 keV μm−1 (1.25 Gy), respectively, using a U400M iso-

chronous cyclotron at the Joint Institute for Nuclear Research

(JINR) in Dubna, as described in ref. 2 and 28. The irradiation

was conducted at a 90° (4 Gy) or 10° (1.25 Gy) angle relative to

the cell monolayer to enable the analysis of confocal

microscopy images and a detailed SMLM analysis of DSB

repair foci along the particle track, respectively. The side of the

coverslips containing the cells was oriented towards the ion

beam, ensuring that the cells were directly exposed to the par-

ticles before the beam continued into the culture medium

within the Petri dish.

Cell irradiation with γ-rays. Cells were irradiated with 2 Gy

using a 60Co source (1.17 and 1.33 MeV; Chisostat, Chirana,

Czech Republic) at a dose rate of 1 Gy min−1 under ambient

temperature and atmospheric conditions.

Cell fixation, permeabilization, and γH2AX/53BP1 focus

staining for confocal microscopy and SMLM. The same

samples were used for standard confocal immuno-fluo-

rescence microscopy and SMLM. Following irradiation, cells

were fixed at various time points post-irradiation (5 min, 0.5 h,

1 h, 4 h, 8 h, and 24 h) and subjected to indirect immuno-fluo-

rescence staining for γH2AX and 53BP1. The cells were initially

fixed in 4% formaldehyde in phosphate-buffered saline (PBS)

for 10 min, followed by three washes in PBS (5 min each).

Permeabilization was achieved using 0.2% Triton-X100 for

6 min, after which the cells were washed again in PBS (3 ×

5 min) and incubated in 2% bovine serum albumin (BSA) for

60 min at room temperature.

For staining, the cells were incubated overnight at 4 °C with

primary antibodies: mouse anti-γH2AX (ab22551, Abcam,

Cambridge, UK) and rabbit anti-53BP1 (ab21083, Abcam).

After rinsing with 0.2% Triton X-100, the cells were washed

three times in PBS (5 min each). Secondary antibodies were

AlexaFluor 647-conjugated goat anti-mouse for γH2AX

(Johnson Laboratories, New Brunswick, NJ, USA) and Alexa

568-conjugated goat anti-rabbit for 53BP1 (Johnson

Laboratories). They were applied for 30 min at room tempera-

ture in the dark. Nuclei were counterstained with DAPI to visu-

alize total nuclear chromatin.

Finally, air-dried samples were embedded in ProLong Gold

(Thermo Fisher Scientific, Waltham, MA, USA) and allowed to

polymerize for 24 hours in the dark at room temperature

before sealing.

Image acquisition

Confocal microscopy. 3D-images were captured with a high-

resolution automated Leica DM RXA microscope (Leica,

Wetzlar, Germany), which was outfitted with a Plan Fluotar oil-

immersion objective (100×/NA 1.3), a CSU 10a Nipkow disk

(Yokogawa Electric Corporation, Musashino, Japan), a

CoolSnap HQ CCD camera (Photometrix, Tucson, AZ, USA),

and an Ar/Kr laser (Innova 70C Spectrum, Coherent, Santa

Clara, CA, USA). The automated image acquisition was con-

trolled by Acquiarium software103 as detailed in previous

reports.2 A total of forty serial optical sections were captured

with a step size of 0.25 µm along the z-axis.

SMLM. SMLM makes use of stochastic blinking of dye mole-

cules for precise localization of single antibodies. Dye mole-

cules stochastically switch between two states, fluorescing and

non-fluorescing. The SMLM setup is described in detail in ref.

30, 53 and 104. The instrument was equipped with four lasers

operating at wavelengths 405 nm, 491 nm, 561 nm, and

642 nm, with respective maximum laser powers of 60 mW,

200 mW, 200 mW, and 140 mW. Here, the first three lasers

were utilized to visualize the nuclei, 53BP1, and γH2AX,

respectively. The system includes a high numerical aperture oil

objective (100×/NA 1.46), an Andor Ultra EMCCD camera

(Oxford Instruments, Tubney Woods, Abingdon, Oxfordshire,

UK), a Smart-Table to compensate for vibrations, and a cooling

system to maintain stable temperatures, thus minimizing

sample drift. Laser operations were managed with Omicron

Control Center software (v3.6.18), while data acquisition was

performed via appropriate filter settings using FEI Live

Acquisition software (v2.6.0.14), which allowed for the selec-

tion of nuclei prior to initiating the automated acquisition pro-

tocol. Nuclei were selected based on their size, clarity, and dis-

tinctness (ensuring no overlapping layers of nuclei) by scan-

ning the samples at a maximum laser intensity of 15%. Only

those nuclei exhibiting no mutual overlap with the others,

minimal fluorescence background in their surroundings,

visible radiation-induced foci or tracks, and comparable sizes

were recorded. Wide-field images were captured prior to the

recording of the data stack. Afterwards, nuclei were tightly

pruned, and tracks were focused. The automated recording

protocol consisted of an initial excitation (30 s for the 642 nm

and 5 s for the 561 nm channel), followed by the acquisition

of over 2000 images.

Data analysis

Confocal image and data analysis. Forty serial optical slices,

each 0.25 μm thick, were combined into 2D maximum inten-

sity projections using Aquirarium software.103 Parameters such

as area, fluorescence intensity, and others were then analyzed

in these images, with γH2AX and 53BP1 foci manually demar-

cated in the green and red channels, respectively, by the same

experienced scientist across all samples. Only mutually co-

localizing γH2AX and 53BP1 foci were considered as DNA

double-strand break (DSB) sites and included in the analysis. A

total number of 500 co-localized foci were analyzed in NHDF
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fibroblasts and 602 in U87 cells. Data obtained from Adobe

Photoshop were transferred to SigmaPlot (version 15.1.1.26,

Inpixon) for further processing and statistical analysis. Values

are reported as means ± standard errors.

Fluorescence heatmaps. Fluorescence heatmaps (confocal

microscopy) were generated in ImageJ/Fiji (v.1.54p) using the

“Physics” LUT (image > lookup tables > physics). R, G and B

channels were first separated (image > color > split channels)

and then the selected channel was background-subtracted

(process > subtract background) and contrast-normalized

(process > enhance contrast, saturated = 0.3%, check

“normalize”).

Chromatin micro-architecture, fractal dimension (FD) and

total perimeter of chromatin domain (TPD). The architecture

of the entire chromatin network—stained with TOPRO-3—was

quantified in terms of Fractal Dimension (FD) and Total

Perimeter of Chromatin Domain (TPD) on confocal images

acquired as described above. The whole procedure was per-

formed in ImageJ/FIJI (ver. 1.54p) as described by Roushenas

et al.105

SMLM data analysis. The positions of detected fluorophores

were determined by an algorithm described in ref. 106. Briefly,

the algorithm processes each image in the time stack to ident-

ify individual signal points by fitting a point spread function

(PSF) to the center of each point. The resulting coordinate lists

of the detected fluorophores, the “orte matrices”, include the

precise position of each signal produced by blinking fluoro-

phores, along with metrics such as localization precision, stan-

dard deviation, total photoelectron count, and the image posi-

tion within the stack for both the x and y directions. This

method yields positional data that allow subsequent math-

ematical analyses without preparing an image in contrast to

conventional microscopy. The raw and mathematically pro-

cessed data can subsequently be utilized to generate super-

resolution pointillist images as shown in ref. 28, 38 and 49.

For this study, nuclei containing a minimum of 2000 and a

maximum of 40 000 detected fluorophores (excluding controls)

were averaged on a sample-by-sample basis. A minimum of 20

data stacks were collected for each sample. Manual masks

were applied to reduce the background signal. The nucleus

was delineated in the DAPI channel and subsequently applied

to other channels to ensure that only proteins located within

the nuclei were considered in the analysis.

Only cells of sufficient preparation quality were included in

the analysis. Specifically, inclusion criteria required the

absence of bright background signals, a sufficiently high

number of blinking events to allow reliable computing, and

comparable numbers of blinking events across samples, par-

ticularly for persistent imaging followed by PCA. Thus, from

the beginning, only cells meeting defined acquisition stan-

dards were subjected to SMLM measurements.

Cluster analysis. The coordinate values of the points were

subjected to Ripley statistics,32 a form of spatial statistics that

involves stochastic point processes, sampling, smoothing, and

interpolation of regional (areal unit) and lattice (gridded)

point patterns, as well as the geometric interpretations of the

statistical outcome. Using algorithms for Ripley statistics, the

point-to-point distances were calculated and represented in a

normalized distance frequency histogram from which the geo-

metry of point arrangements was obtained. A homogeneous

point-to-point distance distribution led to a linear curve with a

different slope. The formation of clusters means that smaller

distances are more frequent, resulting in a peak (Fig. 10).

Topological analysis. For topological analysis, persistent

homology33,34 analysis, persistent imaging,35,36 and principal

component analysis37 were applied as summarized and

described in detail in ref. 30 and schematically shown in

Fig. 8. A major principle of topological analysis is the determi-

nation of properties of structures, which are described by the

pointillist pattern here. Mathematically, this corresponds to

transformations in the topological space defined by the struc-

tures. Details on the method and the underlying mathematical

theory can be found in ref. 33, 36 and 37.

The persistent homology algorithm was employed to inves-

tigate the topological similarity of clusters. Barcodes were gen-

erated to represent the pointillist structure of these clusters by

Fig. 10 Schematic representation of the different evaluation steps of

SMLM datasets. After acquisition of a time series of image frames, the

coordinates and other values of all the blinking events of a cell nucleus

were integrated into a matrix, the so-called “orte-matrix” (top-left). In

the one-channel analysis (top right), the coordinate values of the points

were used for the production of pointillist images, or the data were sub-

jected to cluster analysis using Ripley statistics. For the representative

graph (top right), the point-to-point distances were calculated and rep-

resented in a normalized distance frequency histogram. In the lower

part, the processes of persistent homology, persistent imaging, and prin-

cipal component analysis are shown. The point pattern is transferred

into a bar code description of components and holes. The lengths of the

bars (difference of the α values of the end and the beginning of a par-

ticular bar) provide the lifetime; the beginning provides the birth in the

one-point cloud. The one-point clouds for all cell nuclei that are con-

sidered for evaluation are transferred to pixel images (persistent

imaging). Each pixel is compared for all images. The results of these

comparisons span an n-dimensional orthogonal vector space. The vari-

ations of the pixel values determine the components of the principal

component analysis. The scree plot shows the two components with

the largest variances (= components 0 and 1). Finally, the outcome for

the components (orthogonal vector values) with the largest variation

and the second largest variation determines the latent space (graph

bottom right). Note: this figure was originally published under CC-BY

license in ref. 97.

Paper Nanoscale

4414 | Nanoscale, 2026, 18, 4399–4418 This journal is © The Royal Society of Chemistry 2026

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

9
 J

an
u
ar

y
 2

0
2
6
. 
D

o
w

n
lo

ad
ed

 o
n
 4

/2
2
/2

0
2
6
 1

2
:1

5
:2

2
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online



drawing circles with increasing radii (α) around each point

within a cluster. When circles intersected, lines connecting the

points were drawn, thus forming components. As intersection

continued, closed areas—referred to as holes—emerged. All

components begin with α = 0 and “die” upon intersection with

another component. The evolution of all components and

holes was plotted as barcodes, illustrating their lifespan from

birth to death as a function of the radius (α).

In the experiments on chromatin analyses by SMLM, the

attention will be focused on two quantifiable parameters (Betti

numbers):40 the number of components (= number of points

with which the analysis starts) and holes (= closed configur-

ations like meshes of a net that occur and disappear during

the mathematical evaluation process). These elements are

independent of each other. In algebraic topology, these

elements are also called zero-dimensional and one-dimen-

sional simplicial complexes. By persistent homology, signifi-

cant structures of a point pattern are, therefore, obtained by

the following process (Fig. 8, bottom left): each point (= com-

ponent = simplicial complex of dimension 0) registered in the

orte-matrix is surrounded by a virtual circle with an increasing

radius. Each component is represented by a bar that starts at 0

(= the given point) and ends at the radius value where two

circles attach. In this way, two components merge into one.

During this process, enlarged components can form a virtual

closed loop (in its simplest form a triangle) with free space

inside not covered by the increasing virtual circles. The area of

this free space is considered as a hole (simplicial complex of

dimension 1). At this moment, another bar starts. When the

hole is completely covered by the increasing virtual circles,

this bar also ends. With connecting components and, thus,

reducing their number, the number of holes first increases

and then decreases because more and more holes are closed.

By this process, the point pattern of fluorescent molecules

obtained by SMLM is transferred into a bar code pattern of

two different types of bars: one for the components and one

for the holes.

For each labelling cluster, the results of the barcodes are

transferred into a diagram of “bar lifetime” versus “bar birth”,

which is then transferred into a pixel scan (persistent image)

in which the pixel intensity correlates with the number of

points in a particular pixel of this diagram. These persistent

images are obtained for each cell of an experiment.

Afterwards, the persistent images are subjected to principal

component analysis (PCA).37 This means that the values of the

1st, the 2nd, the 3rd, the 4th, the nth pixel, etc., of all individ-

ual persistent images are separately compared and represented

in an n-dimensional orthogonal vector space. The dimension

(i.e., the respective vector of this n-dimensional vector space)

with the largest variances then forms the component 0 in the

final diagram, the latent space (see Fig. 8, right bottom).

Component 1 is a dimension (vector) perpendicular to com-

ponent 0 and shows the second large variance of values. In

this way, the results of a complex point pattern can be reduced

to one value (±standard deviation) of a diagram (latent space)

of two dimensions. This means that only two principal com-

ponents describe the main features that represent the main

variances, while small variations (“biological noise”; other

orthogonal vectors with fewer variations of values) are neg-

lected. In this way, changes of chromatin organization can be

described by shifts of the outcome in the latent space.

Frequencies of holes. The frequency of hole diagrams was

used to interpret barcodes, as they summarize the lifetime of

all holes. For each sample, the hole barcode diagrams were

categorized into 20 nm intervals. Within each radius range,

the number of holes that formed and subsequently vanished

was counted and normalized to account for the significant

variability in event numbers across samples. By analyzing the

percentage of larger holes relative to small holes, we could

assess the distribution of signal events within the nuclei.

Specifically, a small number of large holes coupled with a high

percentage of small holes suggested an even distribution of

events throughout the area. Conversely, an increase in the

number of large holes indicated a clustering of events, reflect-

ing potential free spaces within specific regions of the cluster.

This may suggest a reorganization of proteins either at the per-

iphery or within the center of the cluster.

Heatmaps (SMLM). The barcodes were compared for overlap

to assess the similarity between clusters using heatmaps.26 To

determine topological similarity, we employed the Jaccard

index,41 a mathematical formula that quantifies the similarity

between two barcodes generated from the previously described

method.34 This formula assigns a numerical value between

zero and one to each pair of clusters, reflecting their similarity

in both components and holes; the value of one indicates com-

plete equality between two clusters.

The similarity values are visually represented in heatmaps,

where dark blue signifies higher similarity and red indicates

less similarity. The first-generation heatmap26 illustrates com-

parisons of each cluster with itself and the remaining clusters

within the sample nuclei.

Due to the extensive volume of data analyzed, numerous

individual heatmaps were generated, allowing for a compre-

hensive examination of topological similarities. To streamline

this analysis, second-generation heatmaps26 were created to

represent the average similarities of components and holes

across all clusters within each nucleus. This approach enabled

the identification of overall trends in the topological features

of the clusters for different samples.
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