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ABSTR AC T
A laboratory toolbox for detecting and quantifying DNA breaks in animal cells and tissu-
es includes various methods that employ biochemical tests, DNA sequencing, or imaging 
approaches. Various methods based on microscopy were developed to detect DNA breaks 
in  fixed and live cells, including the nick translation assay, TUNEL, STRIDE, and detection 
methods based on imaging of histone modifications (γH2A.X), recruitment of repair factors 
(XRCC1, PCNA, 53BP1, Rad51) or poly-ADP-ribosylation. This review discusses the advantages 
and limitations of various microscopy-based methods for the detection and quantification of 
single- and double-strand DNA breaks.
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INTRODUCTION
Several early histological methods made it possible 

to detect DNA damage in cells in microscopy prepara-
tions [1]. These include Feulgen staining of nuclei to reveal 
micronuclei, various staining methods that revealed pyk-
notic nuclei [2] and apoptotic bodies [3], and a comet 
assay which detected DNA breaks. Pyknotic nuclei and 
apoptotic bodies are a sign of extensive DNA degradation 
that precedes cell death. Micronuclei, in turn, are formed 
in daughter cells after mitosis, as a result of unrepaired 
breaks of chromosomes in a parent cell. However, the orig-
inal number of DNA double-strand breaks leading to the 
formation of micronuclei cannot be established. Therefore, 
sublethal, minor damage, or individual DNA lesions cannot 
be detected and quantified by studying pyknotic nuclei, 
apoptotic bodies, or micronuclei. 

The advent of fluorescence microscopy and specific 
methods of labeling histone modifications, oxidized bas-
es, broken DNA ends, and most of all — DNA repair fac-
tors in live cells — opened new avenues of research into 
the mechanisms of genome stability. Currently available 
methods allow for very specific and sensitive detection 
of DNA damage not only in nuclei with a large number of 
lesions, such as in apoptosis (readily detected by terminal 
deoxynucleotidyl transferase (TdT)-mediated dUTP nick 
end labeling (TUNEL) assay), but also detection of low 
numbers or even individual single- and double-strand 
breaks. These  approaches mostly use various embodi-
ments of fluorescence microscopy. In this review we focus 
on the advantages and limitations of various currently 
available microscopy methods for detecting DNA single- 
and double-strand breaks (SSBs and DSBs). 
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DNA SINGLE-  
AND DOUBLE-STRAND BREAKS

In a long DNA molecule of a chromosome, the adja-
cent nucleotides are connected by phosphodiester bonds.  
Continuity of DNA molecules forming chromosomes is 
required for unimpeded continuation of principal nuclear 
processes — transcription and replication. Single-strand 
break (SSB) occurs when one phosphodiester bond is broken 
in one of two complementary DNA strands. Two such breaks 
on the complementary DNA molecules formed in opposite 
positions (blunt ends) or very close to each other (sticky or 
cohesive ends) are referred to as a double-strand break (DSB).  

The discontinuity of the DNA molecule can occur nat-
urally. Replication of a lagging strand involves the synthe-
sis of short stretches of DNA (Okazaki fragments) that are 
subsequently joined into a continuous DNA molecule. Base 
excision repair (BER), which repairs nonbulky DNA damage, 
such as methylated or oxidized bases, introduces transient 
single-strand DNA cuts. The discontinuity of both DNA 
strands occurs during homologous recombination in meiosis 
and in developing lymphocytes during V(D)J recombination, 
a process leading to antibody production. Topoisomerases 
type I and II cut one or both DNA strands and rejoin them 
in various processes, for example, when a need to release 
torsional stress arises. In these processes, the gaps in a DNA 
molecule are under cellular control, and the strands eventual-
ly get reconnected. Spontaneous DNA depurination leads to 
a staggering number of several thousand SSBs formed tran-
siently during a repair process in a mammalian cell daily [4]. 
The number of endogenously induced DSBs is much smaller: 
just a few DSBs are formed in a mammalian cell in a day. 

DNA phosphodiester bonds can also be broken as 
a result of exposure of cells to ionizing radiation or some 
drugs, such as topoisomerase inhibitors, or during collapse 
of a replication fork. DNA ends formed as a result of the 
action of various DNA damaging agents can expose 3’-OH 
and 5’-P or have other chemical groups — the latter are 
called “dirty” ends. The 3’-OH and 5’-P DNA ends can be 
rejoined by ligases. Mammalian cells have mechanisms 
that allow modification of dirty DNA ends into 3’-OH/5’-P 
ends, allowing the action of repair factors (reviewed by [5]). 

CONSEQUENCES OF DNA BREAKS
Single-strand breaks induced by endogenous and exog-

enous stimuli are efficiently repaired by single-strand break 
repair (SSBR) [6]. Single-strand breaks interfere with repli-
cation and transcription. Unrepaired or incorrectly repaired 
SSBs can lead to mutations. 

Cells in tissues and in in vitro cultures have far fewer 
DSBs than SSBs. Only a few DSBs are found in a mamma-
lian cell nucleus at any time [7, 8]. DSBs are repaired primarily 
by homologous recombination (HR) or nonhomologous 
end joining (NHEJ). A double-strand break can result in 

separation of the two parts of a chromosome and the loss of 
a fragment of a chromosome during cell division. Unrepaired 
or erroneously repaired DSBs are an important cause of 
genomic instability, can lead to chromosomal aberrations, 
and eventually to cell death or neoplastic transformation. 

VARIOUS METHODS OF DETECTION  
OF SSBS AND DSBS

A laboratory toolbox for detecting and quantifying DNA 
breaks in animal cells and tissues includes various methods 
that employ biochemical tests [9], DNA sequencing [10], 
or imaging approaches [11, 12]. Depending on the method, 
they are optimized for studies of fixed cells, tissue slices, 
or individual live cells in vitro. The type and range of infor-
mation provided by these approaches differ substantially. 
Biochemical tests can detect the type of DNA damage and 
the general level of damage in a cell population. Methods 
based on massive parallel sequencing can identify genomic 
positions of DNA breaks, even with nucleotide accuracy, and 
assess the probability of a DSB occurring at a given genomic 
locus. Most of these methods cannot determine the num-
ber of DSBs in individual cells or the average number of 
breaks in the cell population. On the contrary, microscopy 
methods can identify the type of DNA damage, its position 
within a nucleus, and the number of lesions in a cell, but 
they do not provide information about the genomic posi-
tion of DNA breaks. Here, we focus on a description of the 
advantages and limitations of selected microscopy-based 
methods for the detection and quantification of DNA breaks. 

MICROSCOPY DETECTION OF SSBS
Fixed cells

Various direct and indirect ways of detecting SSBs in 
fixed cells and tissues were developed. Direct detection 
techniques rely on a chemical reaction with a DNA end; 
therefore, detection is not dependent on the presence of 
cellular response to a break. Indirect microscopy meth-
ods rely on the imaging of the recruited repair proteins or 
products of their action, like poly-ADP-ribose polymers; 
therefore, they are dependent on the presence and action 
of the DNA damage response (DDR). 

Detecting SSB indirectly can be achieved by immuno-
fluorescence-based imaging of recruited DDR factors, such 
as X-ray repair cross-complementing protein 1 (XRCC1), 
proliferating cell nuclear antigen (PCNA), DNA ligas-
es, or poly (ADP-ribose) polymerase 1 (PARP1). It is also 
possible to detect products of PARP1 action, ADP-ribose 
monomers, or polymers attached to various proteins at 
the site of an SSB [13, 14] (an example is shown in Fig. 1). 
The recruited XRCC1 can be detected relatively easily since 
the number of molecules that form a repair focus is large 
and significantly exceeds the level of this protein in the 
surrounding nucleoplasm  [15]. PCNA,  DNA ligases, and 
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PARP1 DNA repair foci are less prominent and more dif-
ficult to detect against the pools that reside in the entire 
nucleoplasm and the typical immunofluorescence back-
ground signals. In the case of PARP1, the  additional 
difficulty is the fact that PARP1 is recruited for a short 
time and the ADP-ribose polymers formed at SSBs are 
short-lived, as they undergo rapid degradation [16]. 

A direct, DDR-independent approach, the nick trans-
lation assay, exploits incorporation of nucleotide analogs 
at a 5’ end of a DNA at an SSB in fixed cells by bacterial 
polymerase I; therefore, this method is independent of 
active  DDR. The specificity of the nick translation assay 
towards SSBs is expected to be high, although this enzyme 
can also add nucleotides (or nucleotide analogs) at the 
5’ end of the DNA overhang, thus some capacity to detect 
DSBs might also be expected. 

The alkaline comet assay has been used to assess gen-
eral levels of DNA breaks [17]. Following induction of DNA 
breaks, single- and double-strand, some DNA can be elec-
trophoretically pulled from the cell nucleus and imaged 
as a ‘comet tail’ emerging from the cell nucleus (“head”). 
The presence of pulled DNA is a proof of considerable DNA 
fragmentation. The nature of this approach precludes the 
detection of individual DNA breaks and measurements 
of low-level DNA damage.

A variant of the SensiTive Recognition of Individual 
DNA  Ends (STRIDE) technique [18] shares the first steps 
of the procedure with the nick translation assay and com-
bines it with the advantages of the proximity ligation 
assay (PLA) [19]. This technique (sSTRIDE) can detect indi-
vidual SSBs in fixed cells [18]. An example of detecting 
SSBs arising after exposing cells to UV is shown in Fig. 2. 

Figure 1. Indirect detection of single-strand breaks (SSBs) by staining poly (ADP-ribose) polymerase 1 (PARP1) products by immunofluores-
cence. A. Products of transient poly-ADP-ribosylation formed 1 minute after SSB induction in one selected spot (arrowhead) in each of the 
two cell nuclei of HeLa cells shown in the image. B. Transmitted light image. The fluorescence images are maximum intensity projections of 
3D data stacks. The dotted lines mark the edges of the nuclei and cells. Scale bar: 10 µm. Images by W. Pawlus.

Figure 2. Single-strand breaks labeled directly with sSTRIDE (green) in untreated (A) and UV-exposed HeLa cells (B). DNA breaks can occur in 
a repair process of typical UV damage (cyclobutene pyrimidine dimers, 6-4 photoproducts). The contours of the cells and nuclei are marked 
with dotted lines. The images are fluorescence maximum intensity projections of 3D data stacks. Scale bar: 10 µm. Images by B. Nosal.
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Live cells
Detection of newly formed single-strand breaks 

in live cells can be achieved readily in cells expressing 
XRCC1 fused with a fluorescent protein. A very large pro-
portion of XRCC1 molecules are recruited from the freely 
diffusing mobile pool of this protein to a DNA lesion [15, 20]. 
As  a result, prominent XRCC1 foci are formed and easily 
detected by fluorescence live cell imaging. An example 
of XRCC1 DNA repair foci formed in response to inducing 
local SSBs is shown in Fig. 3. Subnuclear bodies containing 
XRCC1 can often be seen in transfected cells, as shown 
in Fig. 4. Such bodies containing XRCC1 appear similar to 
DNA repair foci in individual fluorescence images (Figs. 3, 4). 
In contrast to repair foci, subnuclear bodies are highly 
mobile and thus can be distinguished from repair foci in 
timelapse recordings. 

Fluorescently labeled PCNA was also used to detect SSBs 
in live cells [20]. This protein is a component of long-patch 
base excision repair (LP BER), one of the two SSBR subpath-
ways. However, PCNA is a key factor in DNA replication and is 
involved in other DNA repair pathways; therefore, it cannot 
be used as an SSB marker. 

Another approach to detecting SSBs in live cells is to 
image fluorescently tagged PARP1 recruited to damage [21]. 
The limitation in this case is the short time during which 
this protein remains accumulated at an SSB. Finally, SSBs 
can also be detected in cells by imaging accumulation of 
fluorescent fusion proteins containing ADP-ribose binding 
domains targeting the product of the enzymatic action 
of PARP1 [22]. The advantage of this approach is that ADP 
ribosylation lasts at the site of damage longer than the 
PARP1 protein itself [14]. 

Figure 3. X-ray Repair Cross-Complementing Protein 1 (XRCC1) in an single-strand break repair focus in a live HeLa cell in an in vitro culture. 
Fluorescence images show mRFP-XRCC1 (red) in the cell nucleus before (A) and 2 min after damage induction (C). Before damage, XRCC1 is 
distributed evenly throughout the nucleus (except for nucleoli). Damage leads to recruitment of XRCC1 to SSBs and formation of a repair 
focus (arrowhead). B, D. Transmitted light images. The fluorescence images represent single confocal sections. Scale bar: 10 µm. Images by 
A. Hoang-Bujnowicz.
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MICROSCOPY DETECTION OF DSBS
Fixed cells

When detection of DSBs in fixed cells is a goal, Nature 
provides researchers with a signal amplification tool. 
In response to a DSB histone H2A.X is phosphorylated on 
serine 139 by ATM kinase in a large area of the genome 
extending hundreds of thousands of bases on both sides 
of the break [23]. Therefore, immunodetection of phos-
phorylated H2A.X (called γH2A.X) is straightforward and is 
frequently used to detect DSBs in fixed cells by microscopy 
(an example is shown in Fig. 5). Phosphorylated H2A.X serves 
as a signal for the recruitment of the Mediator of DNA dam-
age checkpoint protein 1 (MDC1, NFBD1) repair factor. 

This interaction is required for the binding of p53-binding 
protein 1 (53BP1), Nijmegen breakage syndrome protein 
1 (NBS1, nibrin) at the site of damage [24]. Limitations of this 
approach include some possible DSB-independent phos-
phorylation of H2A.X   (Rybak et al. [8]) that leads to false 
positive signals, as well as the possibility of false negative 
results following some types of insults that are thought to 
induce DSBs [25]. 

Another popular way to study DSB in individual cells 
by microscopy is the detection of recruited 53BP1 (Fig. 5). 
53BP1 foci surrounding a DSB or a cluster of DSBs are readily 
detected by immunofluorescence [26]. 53BP1, through its 
specialized domains, binds directly to post-translationally 

Figure 4. Subnuclear bodies containing mRFP-XRCC1 (arrowheads) in a HeLa cell in an in vitro culture (A). Such structures are seen in many 
cells that express the fusion protein. They can be formed as a result of cellular stress and can be unrelated to single-strand breaks but do not 
morphologically differ from DNA repair foci. In contrast to repair foci, such subnuclear XRCC1 bodies are often highly mobile. B. Transmitted 
light image. The fluorescent image represents a single confocal slice. Scale bar: 5 µm. Images by A. Hoang-Bujnowicz. 

Figure 5. Detecting endogenous and drug-induced DNA double-strand breaks in A549 cells by imaging 53BP1 (green) and γH2A.X (red) 
by immunofluorescence. A. Nucleus of an untreated cell with endogenous 53BP1 and γH2A.X repair foci. B. Nucleus of a cell exposed 
to camptothecin (0.2 μM) for 30 min and fixed 2 hours after removing the drug. The contours of the cell nuclei are marked with dotted 
lines. The images represent the maximum intensity projections of the stack of confocal slices. Scale bar: 5 μm. Note that 53BP1 repair foci 
occasionally adopt the form of a ring consisting of small subfoci (arrowhead). Images by P. Rybak.
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modified histones H2A and H4. Thousands of 53BP1 mole-
cules accumulate and oligomerize at the site of damage [27]. 
The assembly of 53BP1 molecules at the site of DNA damage 
acts as a molecular scaffold for other factors involved in 
the repair of double-strand DNA breaks (reviewed in [28], 
and [29]). One of the key functions of 53BP1 is inhibition 
of DNA end resection, which enables activation of NHEJ 
and inhibition of HR in DSB repair. There are some limita-
tions to detecting DSBs by imaging 553BP1 foci, as DSB 
repair in the G2 phase can occur without the involve-
ment of 53BP1 (reviewed in [30]), recruitment of 53BP1 to 
damage in replicated chromatin is less efficient [31], and 
53BP1 can form repair foci with complex architecture fol-
lowing induction of DSBs by ionizing radiation [32, 33], 
drugs (Fig. 5) or focused visible light (Fig. 6). 

It should be noted that not all 53BP1 and γH2A.X foci 
colocalize, and full colocalization does not occur since 
53BP1 recruitment and dissociation, as well as histone H2A.X 
phosphorylation and dephosphorylation do not occur 
exactly at the same time. Also, in some foci, one of these 
two proteins can be represented by only a small number of 
molecules, making it undetectable at the time of fixation. 
The 53BP1 repair foci may adopt the form of a ring consist-
ing of small subfoci (Fig. 5) [32, 33].

Other DNA repair factors that were used to detect DSBs 
in fixed cells are: Ku70/80 heterodimer, Mre11-Rad50- 
-Nbs1 (MRN) complex, phosphorylated ATM kinase, ATM- 
and RAD3-related (ATR) kinase, MDC1, Rad51, replication 
protein A (RPA), and breast cancer type 1 susceptibility 
protein (BRCA1). 

In the early step of DSB repair by NHEJ, Ku protein 
(Ku70/Ku80 heterodimer) recognizes and secures DNA 
ends. Only a small number of Ku molecules are recruited to 

a DSB; therefore, detection of individual breaks by standard 
fluorescence microscopy of the bound Ku70 or Ku80 does 
not appear feasible. A method that employs RNase and 
detergent-based preextraction of proteins from fixed cells 
enabled detection of Ku bound in ionizing radiation induced 
foci, or in repair foci formed after microirradiation (405 nm) 
of cells presensitized with BrdU [34]. 

Rad51 forms relatively small repair foci detectable by 
immunofluorescence (an example is shown in Figs. 6 and 7). 
It is involved in the repair of DSBs by HR. Following resec-
tion of a DNA strand, Rad51 forms a filament bound to 
single-stranded DNA. The filament is required to find 
a homologous DNA strand [35, 36]. Another protein involved 
in HR is BRCA1. It is recruited to DSBs, interacts with Rad51, 
plays a role in DNA resection, and forms readily detectable 
repair foci [33].

Induction of DSBs often leads to detachment of a chro-
mosome fragment. This fragment is lost during mitosis and 
often remains in a daughter cell as a separate, extranuclear 
structure, called the micronucleus. The presence of micro-
nuclei in the images suggests that double strand breaks 
were induced in parent cells [37]. However, micronuclei 
do not reveal the number of DSBs; moreover, they can also 
be formed as a result of processes that do not involve the 
induction of double-strand breaks [38].  

Two direct methods, that is, DDR-independent, can be 
used to detect DSBs in fixed cells. The TUNEL assay is based 
on incorporating nucleotide analogs at the 3’-end of DNA 
by the TdT enzyme and their detection. Several versions 
of the assay have been developed [39–41]. TUNEL has 
been used extensively to detect the high numbers of DSBs 
induced during apoptosis by flow and image cytometry, 
however, it is not sufficiently sensitive to detect individual 

Figure 6. Detecting DNA double-strand breaks that were induced by a blue light laser beam, by imaging recruited 53BP1 (red) and Rad51 
(green) in U2OS cells. A. A single confocal fluorescence image showing accumulated Rad51 and surrounding 53BP1 at the damage site.  
B. An overlay of the fluorescence and a transmitted light image. The boundaries of the cell nucleus are marked with dotted lines.  
Scale bar: 10 μm. Images by A. Waligorska.
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DNA breaks. A related method which also employs TdT and 
nucleotide analogs incorporated at DNA break that are 
fluorescently labeled by click reaction [42] offers much high-
er sensitivity than TUNEL and makes it possible to detect 
individual radiation-induced DNA repair foci [43]. An even 
higher sensitivity is offered by the dSTRIDE technique [18]. 
This approach also uses TdT to incorporate nucleotide 
analogs. High amplification of the signal is achieved by 
employing a modification of PLA [19] (Fig. 8). dSTRIDE was 
shown to detect individual CRISPR/Cas9-induced DSBs in 
U2OS cells [18]. 

Live cells
In order to detect DSBs in live cells, an experimenter 

can tag one of the proteins involved in DSB response with 

a fluorescent protein. In live cells, individual DSBs can be 
detected easily when the fluorescent 53BP1 fusion protein 
is expressed [45]. The protein forms large foci surround-
ing a DNA lesion or a cluster of lesions. 53BP1 binds to 
chromatin and, occasionally, forms repair foci of a com-
plex architecture [30, 32, 46] (two examples are shown 
in Figs. 5 and 6).

One of the attractive advantages of live cell imaging 
is the possibility of studying the process of recruitment of 
repair factors to damage sites. An example of a study 
of induction of DSBs in DlvA cells is shown in Fig. 9.

An interesting attempt to image DSB-induced histone 
H2A.X phosphorylation in live cells was made by employing 
fluorescently labeled antigen-binding fragments specific 
for γH2A.X [47]. 

Figure 7. Detecting DNA double-strand breaks (DSBs) by imaging Rad51 DNA repair foci. DSBs were induced by etoposide (10 μM, 30 min) 
in A549 cells. Cells were fixed 2 hours after exposure. A. Rad51 (immunofluorescence, green). B. γH2A.X (immunofluorescence, red).  
C. Transmitted light image. The boundaries of the cell nucleus are marked with dotted lines. Scale bar: 5 μm. Images by A. Hoang-Bujnowicz.

Figure 8. Detection of DNA double-strand break by dSTRIDE in a HeLa cell exposed to a cytotoxic drug OCT1001 (an active form of a hypoxia 
activated-prodrug OCT1002) [44]. A. An untreated cell. B. After exposure to a drug. Nuclear boundaries are marked with dotted lines.  
Scale bar: 10 µm. Images by I. Harla.
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GENERAL CHALLENGES IN DETECTING  
AND QUANTIFYING DNA BREAKS

Although microscopy methods create attractive images 
of DNA single- or double-strand breaks represented by 
conspicuous foci and dots in cell nuclei, the interpretation 
and quantitative analysis of these images is far from straight-
forward. In the following, several features are summarized 
of the imaging-based techniques for the detection of DNA 
breaks that need to be factored into when imaging data are 
interpreted and analyzed quantitatively.  

A break or a cluster of breaks?
A small region of the cell nucleus tightly packed with 

repair proteins [48] or rich in γH2A.X may equally well rep-
resent one DNA break or a cluster of closely spaced DNA 
breaks. A large number of copies of DNA repair factors, or 
phosphorylated histone H2A.X molecules, are located in 
an area surrounding the break; however, the number of 
these molecules assigned to one lesion does not appear to 
be fixed. Therefore, the total number of recruited repair fac-
tors or the physical size of the repair focus cannot be directly 
converted into the number of DNA lesions embraced by this 
focus. Moreover, even when DNA repair focus has relatively 
small diameter, as in the case of Rad51, the resolution of 

standard fluorescence images (on the order of 250 nm in 
the plane of the specimen) means that adjacent repair foci 
and, as a consequence, individual DNA lesions cannot be 
visually resolved. Therefore, it is generally impossible to 
establish whether a repair focus represents one DNA break 
or a cluster of breaks. 

Detection limits
In the initial stages of recruitment of proteins such as 

XRCC1 or 53BP1, the number of copies of these proteins is 
low and does not significantly exceed the levels in the sur-
rounding nucleoplasm, therefore these newly formed repair 
foci remain undetected by fluorescence microscopy. In the 
case of proteins recruited to the damage site in low numbers 
of copies, detecting their presence against the surrounding 
fluorescence background is impossible. This problem leads 
to an unknown number of false negatives in any attempt to 
quantify the number of lesions in the cell nuclei.

Timing of detecting DNA breaks
The time when a repair focus becomes detectable by 

microscopy may be relatively short (as is the case with foci 
containing ADP-ribose polymers), moreover, it does not 
exactly overlap with the time of existence of a DNA lesion. 

Figure 9. Recruitment of mCherry-53BP1 to DSBs in live DIvA cells, following activation of endonuclease by tamoxifen. A. fluorescence of 
mCherry-53BP1 in the cell nucleus prior to DSB induction. B. 30 minutes after adding tamoxifen to a cell culture. C. 3 hours after adding 
tamoxifen. D–F. Transmitted light images. Scale bar: 10 μm. Images by A. Ostromecka.
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Some repair factors typically used to detect DNA lesions may 
be present at a DNA break seconds or minutes after damage 
induction, and they become detectable by microscopy even 
later. Moreover, they may reside at the damage site and still 
be detectable after the break has been repaired. A good 
example is γH2A.X which is known to become detectable 
no sooner than tens of seconds after the induction of a DSB, 
and may remain there for minutes or longer after the break 
was repaired [23]. Thus, some false negative as well as false 
positive results may occur.

Several types of DNA damage are induced,  
but only one is detected

In typical DNA repair microscopy studies, local DNA dam-
age is induced by microirradiation, often in the presence 
of photosensitizing factors. In such an experiment, several 
types of DNA damage are induced, for instance, oxidation 
of bases, SSBs, and DSBs. However, recruitment of only one 
type out of many repair factors is imaged. As a consequence, 
only one of two or three DNA repair pathways is detected 
and studied, despite the fact that the repair process may 
be complicated by activation of several DDR mechanisms.

Foci not representing DNA damage
Some foci may contain DNA repair factors and be 

thought of as DNA repair foci, however, they do not repre-
sent DNA damage. XRCC1 is a good example. Subnuclear 
foci containing mRFP-XRCC1, most likely representing pro-
tein promyelocytic leukemia (PML) bodies, are often seen 
in fluorescence images and can be induced by a number 
of factors, including heat shock [15]. These PML-containing 
subnuclear bodies can also be distinguished from DNA 
repair foci by time-lapse recording analysis. They are highly 
mobile and can migrate several micrometers within the 
cell nucleus, while DNA repair foci oscillate near a defined 
position and move only slowly with chromatin. Another 
protein forming foci that do not represent DNA damage 
is PCNA. Although the pattern of PCNA replication spots is 
characteristic and allows distinguishing between early, mid, 
and late S phases, the individual foci do not clearly differ in 
their appearance from DNA repair foci. As a result, PCNA is 
a reasonable marker of DNA repair in the G1 and G2 phases, 
but not in the S phase.

Repair foci in transfected cells
Cellular reactions to DNA damage are often studied in 

transiently transfected cells. Typically, transient transfec-
tion is used despite the fact that this approach has several 
important limitations. Following transfection, cells are under 
increasing stress and imaging can be performed within a rel-
atively short time window (often some 12 h after transfec-
tion), when the level of expression of a fusion protein is suf-
ficiently high to be detected, but the signs of overexpression 

and stress are not yet conspicuous. The amount of the 
studied repair protein exceeds the usual levels, and high 
overexpression is often followed by cell death. It is impor-
tant to note that attaching a fluorescent protein to a C or N 
terminus of a repair protein can interfere with its function. 
Moreover, fluorescent fusion proteins do not reveal their 
post-translational modifications; therefore, imaging data 
lack this important information. 

Quality of immunofluorescence images
Immunofluorescence detection of intracellular proteins 

typically involves formaldehyde fixation, and this results in 
protein aggregation [49] and grainy images. The distinction 
between small and dim repair foci and grains representing 
protein clusters resulting from fixation and interaction with 
antibodies is, to some extent, arbitrary. 

Endogenous and induced experimental damage
The appearance of repair foci usually does not allow one 

to distinguish endogenous and experimentally induced 
DNA damage in a single cell. Typically, individual foci cannot 
be assigned to a class of endogenous or experimentally 
induced lesions. Only the average levels (number of foci) 
of damage can be compared between cells exposed to 
a damaging agent and the control.

Absence of phosphorylation  
of H2A.X despite the presence of DSB

It has been demonstrated that H2A.X histone phos-
phorylation has been shown to be stopped by high levels 
of DNA damage [50]. This constitutes an example of a false 
negative result that may arise from the overwhelming of 
cellular capacity to repair DNA damage. A similar phenom-
enon was observed for XRCC1 [20].

Inducing DNA damage, including DNA breaks,  
by excited fluorescent proteins

Fluorescent proteins exposed to light can cause oxida-
tion of DNA bases [51] and induce DNA breaks. Killer Red is 
known to induce extensive DNA damage upon excitation. 
eGFP, even when placed outside cells, was shown to induce 
SSBs and DSBs upon excitation with blue light by generating 
singlet oxygen [52].

Inability to detect all types of DNA ends
While methods relying on direct detection of DNA ends, 

such as TUNEL, the nick translation assay, sSTRIDE, and 
dSTRIDE offer many advantages, one of their shortcomings 
is an inability to detect DNA ends other than 3’-OH. Dirty 
DNA ends can be processed by introducing end-process-
ing enzymes; however, the effectiveness of this process 
in the methods mentioned above has not been studied 
systematically.  
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