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ABSTRACT

Unscheduled DNA synthesis (UDS) is the final stage of the process of repair of DNA lesions induced by
UVC. We detected UDS using a DNA precursor, 5-ethynyl-2’-deoxyuridine (EdU). Using wide-field, confocal
and super-resolution fluorescence microscopy and normal human fibroblasts, derived from healthy
subjects, we demonstrate that the sub-nuclear pattern of UDS detected via incorporation of EdU is
different from that when BrdU is used as DNA precursor. EdU incorporation occurs evenly throughout
chromatin, as opposed to just a few small and large repair foci detected by BrdU. We attribute this
difference to the fact that BrdU antibody is of much larger size than EdU, and its accessibility to the
incorporated precursor requires the presence of denatured sections of DNA. It appears that under the
standard conditions of immunocytochemical detection of BrdU only fragments of DNA of various length
are being denatured. We argue that, compared with BrdU, the UDS pattern visualized by EdU constitutes a
more faithful representation of sub-nuclear distribution of the final stage of nucleotide excision repair
induced by UVC. Using the optimized integrated EdU detection procedure we also measured the relative
amount of the DNA precursor incorporated by cells during UDS following exposure to various doses of
UVC. Also described is the high degree of heterogeneity in terms of the UVC-induced EdU incorporation
per cell, presumably reflecting various DNA repair efficiencies or differences in the level of endogenous dT
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competing with EdU within a population of normal human fibroblasts.

Introduction

UVC (100-280 nm) induces DNA damage in the form of
pyrimidine dimers and photoproducts. This type of damage is
repaired by nucleotide excision repair (NER) pathway. In this
report we focus on optimal detection and visualization of the
sites of repair of UVC-induced damage and effectiveness of the
repair process. In previous work done by other laboratories the
sites of damage were visualized by immunofluorescence detec-
tion of pyrimidine dimers and photoproducts,”* while the
regions of active DNA repair were imaged by detecting recruit-
ment and transient accumulation of NER repair factors."”*
The final stage of the repair process, unscheduled DNA synthe-
sis, was detected by fluorescent labeling of newly incorporated
DNA precursor analogs. Thus far most of the research aimed at
detecting UDS employed tritiated thymidine>® or 5-bromo-2’-
deoxyuridine (BrdU).”” Recently 5-ethynyl-2’-deoxyuridine
(EdU)'*!'"! was also used.'*'® We have now revisited the issue
of UDS detection with EdU, using widefield, confocal and
super-resolution (sub-diffraction) fluorescence microscopy.
Using normal human fibroblasts, derived from healthy subjects

and grown under optimal conditions, we demonstrate that the
sub-nuclear pattern of UDS detected via incorporation of EAU
is different from the pattern revealed by BrdU. Specifically,
EdU incorporation occurs all throughout the chromatin, as a
uniformly distributed signal or a large number of very small
foci, best detected by super-resolution imaging. In contract,
just a few distinct repair foci are detected by confocal imaging
of the incorporated BrdU.

We ascribe this difference to the fact that DNA denatur-
ation (strand separation), which is required to ensure access
of the BrdU antibody to the incorporated BrdU, is only par-
tial. Unlike BrdU antibody, the click-reaction labeling of the
incorporated EdU is not affected by the steric hindrance
imposed by dsDNA. Moreover, denaturation of DNA that
involves the harsh conditions of acid (or heat) treatment, and
DNA strand separation, significantly alter nuclear structure,
whereas the procedure of EdU labeling is expected to have
lesser effect on chromatin organization. Given the above we
argue that the UDS pattern visualized via EAU detection,
when a sensitive image detector is used, constitutes a more
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accurate representation of sub-nuclear distribution of the final
stage of NER in a process of repairing damage induced by
UVC. Using the optimized EdU detection procedure we also
measured the relative amounts of DNA precursors incorpo-
rated by cells during the process of UDS following exposure
to various doses of UVC, presumably reflecting various repair
efficiencies within a population of normal human fibroblasts
recovering from UVC-induced damage.

Materials and methods
Cell culture and UV exposures

Secondary cultures of human fibroblasts (HSF) were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, cat. no D5523,
Sigma-Aldrich) supplemented with 10% FBS (cat. no F7524,
Sigma Aldrich), in a humidified atmosphere of 95% air and 5%
CO, (i.e. approx. 20% oxygen) at 37°C until the 15th cell pas-
sage. The cells were maintained in T-25 flasks and subcultured
every 7 or 8 d using 0.25% trypsin solution. Two to 4 d before
the experiment cells were seeded on round coverslips (0,17 mm
thickness, 22 mm in diameter, Menzel-Glaser) and placed in
Petri dishes (35 mm diameter). Prior to use the coverslips were
degreased and sterilized by autoclaving.

UV was delivered by a Philips TUV PL-S 5 W/2P lamp,
emitting at 254 nm, placed in a standard cell culture incubator
(without CO, control). The lamp delivered 10 W/m?s, mea-
sured 20 cm from the lamp. Cells were exposed to UVC for 3 -
300 s. During UVC exposure cells were maintained on cover-
slips, in a 35 mm diameter Petri dish, containing 1 ml of
DMEM supplemented with 10% FBS, inside an incubator
(37°C). Culture medium supplemented with EAU or BrdU was
added to Petri dishes immediately following the UVC exposure.

Detection of UVC-induced UDS by EdU incorporation

In all experiments confluent fibroblast cultures at a plateau
phase of growth were used. During exposure to UVC (254 nm)
cells were maintained in 1 ml of DMEM supplemented with
10% FBS. Immediately after irradiation the cells were incubated
with 20 uM EdU (C10338, Invitrogen) for 2 h under standard
growth conditions. Cells were then washed with warm PBS,
fixed (15 min) in 4% formaldehyde (EMS, Hatfield, PA), per-
meabilized (15 min) with 0,1% Triton X-100 (Sigma) and
rinsed with 3% BSA (Sigma). EdU incorporated in DNA was
detected by either of the 2 methods: (i) using fluorescent-azide
coupling reaction (Click-iT, Invitrogen) for 30 min, according
to the instructions provided by manufacturer, or (b) using the
following procedure: rinsing with PBS containing 50 mM gly-
cine and 50 mM NH,CI for 5 min, washing with PBS, incubat-
ing with a freshly prepared staining mixture of a selected
AlexaFluor azide, CuSO,4, and sodium ascorbate. Azide-conju-
gated AlexaFluor 488 (C10337, Invitrogen) or 647 (A10277,
Life Technologies) was used. For DNA staining DRAQ5
(5 uM, 10 min; DR50200, Biostatus) or YOYO-1 (0,1 nM,
30 min; Y3601, Life Technologies) was used. All procedures
were carried out at room temperature, unless otherwise stated.
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Detection of UVC-induced UDS by BrdU incorporation

Following exposure to UVC cells were incubated with BrdU
(10 puM; B23151, Invitrogen) for 2 h under standard growth
conditions. Subsequently cells were washed with warm PBS,
fixed (15 min) in 4% formaldehyde (EMS, Hatfield, PA), per-
meabilized (15 min) with 0,1% Triton X-100 (Sigma) and
blocked with 3% BSA (Sigma) for 1 h. DNA was denatured
using 4 M hydrochloric acid for 20 min at room temperature.
Cells were incubated with primary (1 h) followed by a second-
ary antibody (1 h). Antibody dilutions were prepared in 0.1%
BSA in PBS. The primary antibody was mouse anti-BrdU
(1:100; B35128, Invitrogen). Secondary antibodies were goat
anti-mouse Alexa Fluor 488 (1:1000; A11029, Invitrogen) or
647 (1:1000; A-21245, Life Technologies). DNA staining proce-
dure was performed as described in section 2.2.

Detection of UVC-induced UDS by EdU incorporation
Imaging of sites of UDS

Confocal microscopy

A Leica SP5 SMD confocal microscope (Leica Microsystems)
was used. The imaging conditions were: 63x HCX PL APO CS
NA 1.4 oil immersion lens, excitation 488 (Ar") and 633 nm
(HeNe); emission detection bands 500-580 nm for Alexa Fluor
488 (Click-iT EAU or immunofluorescence - anti-BrdU) and
560-750 nm for DRAQS5; registration in sequential mode; 5
frames averaged. To compare the pattern of EAU incorporation
into DNA during UDS images were collected using a photo-
multiplier (PMT) or an avalanche photodiode (APD) as light
detectors. A wide-field fluorescence microscope (Leica DMI
3000B) equipped with an Andor iXon EMCCD camera was
also used.

Super-resolution microscopy

The custom-made single molecule detection system (SMLM)
used for one color imaging'*'> was equipped with 491 nm laser
excitation (Cobolt AB), focused through 63x, 1.4 NA objective
lens (Leica Microsystems) and optionally collimated using a
telescope system in order to expose a round area of the sample
(diameter of ~23 pm in imaging plane) to the high intensity
excitation light necessary for induction of blinking of fluoro-
phore molecules. Fluorescence was filtered using 500 - 550 nm
emission bandpass (Semrock) and projected onto a CCD Cam-
era (PCO Sensicam, Germany, effective pixel size 102 nm).
Positions of the registered molecules were established using a
center of the gravity fitting procedure, preceded by setting an
appropriate threshold and background. Rendering of the
super-resolution images was done by plotting the position of
each single event as a Gaussian spot with standard deviation
corresponding to the calculated precision of localization. Prior
to rendering of the final image, a filter was applied to reject
unsuitable events on the basis of brightness and spot
dimension.

For single color localization microscopy imaging of EdU
incorporated into UDS sites, a click reaction Alexa488 with
the incorporated precursor was performed, followed by
embedding the sample in ProlongGold® (Life Technologies).
The quality of SMLM reconstructions was compared with
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images of microtubules labeled with secondary antibodies con-
jugated with Alexa488, used here as standards. ProlongGold®
outperformed the switching buffer'® as it yielded images of
better quality and comparable single molecule localization
density within a shorter time of acquisition. The average pho-
ton count in ProlongGold was higher than in the switching
buffer (2482 photons versus only 1080 when detecting
Alexa488) therefore, a higher structural resolution was
achieved.'” The imaging system and data collection parame-
ters are described in detail in'® and."

dSTORM imaging was performed using a Nikon N-STORM
super-resolution microscope equipped with a 100x oil-immer-
sion objective (N. A. 1.40) and an Andor iXon DU- 897E-
CS0BV EMCCD camera (image pixel size, 160 nm) running at
approximately 50 Hz (20 ms exposure time). The z position
was maintained during the acquisition by a Nikon ’perfect
focus system’. The set-up included an activation 405 nm laser
(Coherent CUBE 405 - 100 mW), a 488 nm readout laser
(Coherent Sapphire OPSL 488 nm - 50 mW), a 561 nm readout
laser (Coherent Sapphire OPSL 561 nm-100 mW), and a
647 nm laser (MPBC’s CW Visible Fiber Laser). Intensities at
the sample were set in the range Iyy < 1.0 W/cm? for photoac-
tivation and Igeadour < 1.0 KW/cm? for the readout. Dichroic
mirrors and band-pass filters allowed selection of the emitted
signals (ZET4057T405/488/561/647, Chroma).

Single molecule localization was obtained by Gaussian fitting
using the Nikon integrated software taking into account both
drift and, for multi-color acquisitions, chromatic aberrations.
Super-resolution images were rendered by superimposing the
coordinates of each single molecule represented by 2D Gaussian
curves of the intensity resulting from the associated fit.

Image processing and analysis of the amount of the
incorporated EdU

Image] (Rasband, W.S., Image], U. S. National Institutes of
Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/,
1997-2014) was used for basic image processing and analysis.
Due to a low amount of the DNA precursors incorporated dur-
ing UDS fluorescence intensities were low as well, therefore the
brightness of images 1Aef, Bbcf, Cab, Da, Eab was increased
using the contrast function. The typical signal-to-noise ratio of
the images of BrdU and EdU incorporated during UDS is
shown in fluorescence profiles in Fig. 1C. To analyze the
amount of the EAU incorporated in the process of UDS a spe-
cially written Image] macro, which sums the pixel values in the
selected area of each cell nucleus, was used.

Assessing DNA denaturation

Single- and double-stranded DNA (dsDNA) was detected in
situ, in nuclei of fixed cells, using acridine orange (AO), as
described previously.”*>* Briefly, AO intercalates between bases
of double-stranded nucleic acids in a form of a monomer, and
yields green fluorescence (~530 nm). When molecules of this
dye bind to single stranded nucleic acids, stacks are formed and
yield red luminescence (>640 nm). Single- and double stranded
nucleic acids can thus be differentiated by the color of the emit-
ted luminescence when the concentration of AO is maintained

within 5-10 pg/ml. AO was used here to assess the proportion
of single-stranded DNA formed in RNase-treated cells (1 mg/
ml RNase in PBS containing calcium and magnesium ions, for
1 h in 37°C) after exposure to acidic denaturing conditions
(4 M hydrochloric acid; 1 - 120 minutes at room temperature).

Results and discussion

Subnuclear distribution of UDS sites detected by
incorporation of BrdU or EdU

In order to investigate the sub-nuclear pattern of sites of UDS,
and the efficiency of this process in cells repairing the damage
inflicted by UVC, in an in vitro system, we have chosen asyn-
chronous human skin fibroblasts isolated from healthy individ-
uals, grown under optimal conditions. The fibroblasts were
maintained in an in vitro culture, and exposed to various doses
of UVC resulting in detectable levels of UDS. Immediately after
an exposure to UVC, a DNA precursor analog, BrdU or EdU,
was added to culture medium. Subsequently cells were incu-
bated under standard conditions for 2 h, fixed, and the incorpo-
rated precursors were labeled and imaged as described in
Materials & Methods.

S-phase cells were readily recognized in unexposed (Fig. 1A)
and UV-exposed cultures (Fig. 1B) due to strong signals of the
incorporated BrdU or EdU. These signals adopted the typical,
readily recognizable patterns of early, mid or late S-phase repli-
cation '>** (Fig. 1Ab,e). Many cells showed no precursor signal
at all, as would be expected of non-replicating (G1 and G2/M)
cells (Fig. 1Ac,f). In a culture exposed to UVC, however, non-
replicating cells revealed weak but detectable signals of the
incorporated BrdU (Fig. 1Bc) or EdU (Fig. 1Bf), which we attri-
bute to UDS. At the instrumental settings that were adjusted for
detection of UDS (i.e., a high gain required for detection of very
weak signals), the intensity of S-phase replication signals (BrdU
or EdU) exceeded the dynamic range of the PMT (Fig. 1Bb and
Fig. 1Be). Thus, distinguishing the scheduled replication from
UDS on the basis of the pattern and intensity of fluorescence of
the incorporated precursor analogs was straightforward.

In order to verify if the weak signals of EdU, that are shown
in Fig. 1B, represent UDS in non-replicating cells, and to estab-
lish whether they can reveal a pattern of UDS in the presence
of the typical pattern of DNA replication in S-phase (i.e. weak
signals among the strong signals), images of individual nuclei
of cells in an untreated asynchronous population, and cells
exposed to UVC, were carefully analyzed. Typical examples of
high magnification images of the UDS patterns detected by
incorporation of BrdU and EdU are shown in Fig. 1C. The
UDS pattern detected via incorporation of BrdU (Fig. 1Ca) was
similar to those reported in numerous previous publications
that also employed halogenated thymidine analogs.>®”** These
images consisted of a number of distinct foci of various bright-
ness and size. In the published reports these foci were referred
to as ’repair sites’, and their number was in the order of a few
dozen per nucleus.>>** In contrast, the mean distance between
randomly spaced nucleotide excision sites in the DNA
extracted from cells exposed to UV (3 J/m?) was reported to be
26-30 kbp,>® corresponding to over 10° sites per nucleus of a
human fibroblast.
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Figure 1. Patterns of DNA replication and UDS revealed by incorporation of BrdU or EdU, and various modes of fluorescence detection. (A) Images of BrdU (a) or EdU
(d) incorporated into DNA of replicating cells in asynchronous cell cultures, under standard conditions, prior to exposure to UVC. Contours of nuclei of non-replicating
cells, based on transmitted light images (not shown), are marked with dotted lines. Panels below show magnified images of replicating and non-replicating nuclei,
with incorporated BrdU (b, ) or EdU (e, f), showing typical replication patterns (b, €) and the absence of fluorescence signals in non-replicating cells (c, f). No EdU or
BrdU signals were detected in non-replicating cells at low or high instrumental gain (data not shown). Scale bar 20 um (a,d) and 5 um (b,c.ef). (B) Images showing
BrdU (a) or EdU (d) in cells, recorded 2 h after exposure to UVC. The gain of the fluorescence detector (PMT) was set higher than in images in panel A, therefore the
signals of replicating cells are oversaturated (b,e). Non-replicating cells show UDS signals of the incorporated BrdU or EdU (c,f). Non-replicating cells that do not acti-
vate UDS are also occasionally detected. Scale bar 20 um (a,d) and 5 um (b,c.e,f). (C) High magnification images showing BrdU (a) or EdU (b) incorporated in a process
of UDS (UVC dose 10 J/m?), and demonstrating an apparent difference between the patterns revealed by incorporation of BrdU and EdU. Fluorescence profiles plotted
along the lines marked with arrowheads are shown below each image. Scale bar 5 um. (D) A pattern of UDS revealed by BrdU (a), distribution of dsDNA stained with
DRAQ5 (b), and UDS against the background of dsDNA (c). Scale bar 5 pm. E. Patterns of UDS revealed by the incorporated EdU, detected by a standard photomulti-

plier in a confocal microscope (a,b), an avalanche photodiode (c,d), and a sensitive EMCCD camera in a widefield fluorescence microscope (e,f). Scale bar 10 um.

The UDS pattern we detected by labeling the incorporated
EdU was conspicuously different from BrdU. The fluores-
cently labeled EAU was detected by standard confocal imag-
ing as a signal distributed almost uniformly throughout the
nucleus (except for nucleoli) and showing no obvious, dis-
tinct foci (Fig. 1Cb), or as several hundred closely spaced sig-
nals of various intensity all throughout chromatin, by high
sensitivity or super-resolution imaging methods (see below).
It is important to emphasize that EAU labeling yields no
detectable non-specific signal, while immunofluorescence
detection of BrdU always gives some weak non-specific
staining, most likely arising from residual secondary anti-
body. A notion that the number of NER sites is to be
counted in thousands (at moderate UV dose) rather than
dozens or hundreds is consistent with the data based on
imaging of the incorporated precursors in experiments that
did not require DNA denaturation. Images of numerous
NER sites distributed all throughout chromatin, visually sim-
ilar to our images of the incorporated EdU, were obtained by

detection of the incorporation of biotin-16-dUTP 1 hour
after UV exposure.*

As demonstrated by images shown in this report the incor-
porated EdU was not confined to a relatively low number of
distinct repair foci, as was the case with BrdU (Fig. 1Ca). This
observation has important biological consequences in the con-
text of the presence, structure and role of UV-induced ’repair
foci’. UVC photons can reasonably be expected to interact with
DNA in cell nuclei randomly, therefore there is no reason for
the damage to be confined to a low number of distinct DNA
regions. To a first approximation one should therefore expect
the damage, and consequently the repair sites, to be distributed
within DNA stochastically. Considering the available spatial
resolution of standard optical microscopy, the regions of active
UDS should be detected in fluorescence images all throughout
chromatin in the nucleus, possibly with a higher density of
UDS in areas of a higher density of DNA, like perinucleolar
chromatin. In contrast, UDS detected via BrdU incorporation
is seen in a low number of distinct foci. The low number of
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UDS sites characteristically detected by BrdU could hint at a
nonuniform sensitivity of DNA to UVC, implying a signifi-
cantly higher propensity to sustain damage in a relatively low
number of specific regions of DNA. Alternatively, it could sug-
gest that the process of DNA repair of UVC-induced damage
occurs in distinct repair foci or regions, that might be formed
as a result of chromatin rearrangements following damage
induction. Thus, the very different patterns of UDS observed
using 2 different DNA precursors have potentially important
consequences for our understanding of DNA sensitivity to UV
and the existence of hypersensitive DNA regions, and for an
ability to detect the postulated chromatin rearrangements dur-
ing repair.

In order to search for an explanation of the differences that
we detected between the patterns of UDS revealed by BrdU or
EdU incorporation, the precursor analogs incorporated in
UVC-exposed fibroblasts were labeled as previously, subse-
quently the nuclei were counterstained with DRAQ5, and the
cells were imaged by fluorescence confocal microscopy
(Fig. 1D). The images confirmed the notion that the subcellular
distribution of UDS based on BrdU was indeed qualitatively
different than the pattern of foci containing EAU (Fig. 1C). At
the same time the presence of the signal of DRAQ5 (Fig. 1Db),
a DNA probe which labels dsDNA readily, but has only very
low affinity for single stranded nucleic acids, confirmed that
the nuclei of the cells that were subjected to the standard proce-
dure required for BrdU detection, contained a considerable
fraction of double stranded (not denatured) DNA.

In order to follow up on this observation and establish if an
incomplete denaturation of DNA could be a factor interfering
with detection of all BrdU incorporated in the process of UDS,
we carefully analyzed the process of strand separation under
conditions typically used in the detection of this precursor. Sin-
gle- and double-stranded DNA can be differentiated by AO fol-
lowing hydrolysis of RNA.**** Red luminescence is associated
with ssDNA, while green fluorescence represents dsDNA.
Fig. 2 demonstrates that the amount of ssDNA increased for
approximately 10 to 20 minutes during incubation of fixed cells
under acidic conditions. The presence of strong green signals
indicated, however, that dsDNA still existed at high local densi-
ties, confirming that DNA was not fully denatured. Longer
exposures to hydrochloric acid resulted in a decrease of both,
the green and the red signals of DNA-bound AQ, indicating
that DNA was progressively degraded (most likely ssDNA
being more easily degraded than dsDNA). DNA degradation
under the influence of low pH environment was also confirmed
by the observation that signals of DNA-bound DRAQ5 were
lower after longer acid exposures (data not shown). These
observations are consistent with a notion that only a fraction of
DNA in situ is denatured by a 10 to 20 min exposure to an
acid, while a longer incubation in acidic conditions does not
result in any further increase of the amount of ssDNA. They
are also in agreement with a previous report, which emphasized
the fact that DNA denaturation is incomplete under standard
conditions typically used for BrdU incorporation.”” We have
also observed that, when the samples were returned to neutral
pH, following a 10 min exposure to hydrochloric acid, a slow
process of DNA renaturation was occurring (data not shown).
These phenomena, that is an incomplete denaturation followed

by degradation at low pH, or renaturation at neutral pH, are
bound to adversely affect the ability to detect the incorporated
BrdU.

Patterns of UDS revealed by different fluorescence
detection methods

Confocal microscopy with PMT or APD detectors

As the number and subcellular distribution of UDS sites
detected via EAU incorporation were apparently different than
the sites detected using a generally accepted method based on
BrdU incorporation, we focused on optimizing the EdU detec-
tion conditions to ensure faithful and optimal imaging of the
DNA repair sites. It would be reasonable to expect that an
almost uniform signal of EdU, which we observed by standard
confocal microscopy, contained a significant contribution of
electronic noise. This noise could overshadow the signals rep-
resenting the repair sites. In order to ascertain that the signals
of EdU were not confused with the noise, we used 2 other
detection techniques that were expected to yield a better sig-
nal-to-noise ratio. Toward this end, in addition to using a
standard PMT as a fluorescence detector (as in Fig. 1Ea,b), we
also recorded images using APD in a confocal microscope
(Fig. 1Ec,d), and a sensitive EMCCD camera in a widefield
fluorescence instrument (Fig. 1Ee,f).

The fluorescence signals of EdU-Alexa detected by a PMT
were found to be distributed throughout the nucleus, with areas
showing a higher or lower signal intensity, however, as it is
demonstrated by images shown in Fig. 1Bf and Fig. 1Cb, no dis-
tinct repair foci were detected. The pattern of signals detected
in the same regions of the nucleus by APD was characterized
by a higher signal-to-noise ratio, resulting in a better contrast
and Dbetter effective spatial resolution. As the EdU images
recorded using an APD were of a higher quality than the
images collected by a PMT, they demonstrated numerous small
features likely representing minute individual DNA repair
(UDS) sites (Fig. 1Ec,d). These images were similar to the con-
focal images recorded in the same area of the nucleus, however
they were clearly qualitatively different than the typical images
based on incorporation of BrdU. Further confirmation of the
validity of EAU images as a representation of UDS was pro-
vided by wide-field images of the incorporated EdU recorded
by a sensitive EMCCD camera (Fig. 1Ee,f). Although the thick-
ness of the imaged layer of the nucleus was larger than in the
case of confocal imaging, this very sensitive detection approach
also demonstrated numerous small regions of EAU fluores-
cence, similar to the patterns detected by APD, but dissimilar
to the characteristic patterns observed in the case of BrdU.
Thus, the optimized high sensitivity detection approaches sup-
port the view that imaging of the incorporated EAU provided a
faithful representation of UDS following exposure to UVC,
unbiased by regional chromatin differences in DNA denatur-
ability as in the case of BrdU.

The image quality improvement, which was achieved by
using highly sensitive fluorescence detectors, underscores the
importance of optimization of the imaging technique for the
benefit of an accurate biological interpretation of precursor
incorporation data. While the standard images of BrdU incor-
porated during UDS could be interpreted as evidence in favor
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Figure 2. Denaturation of DNA in situ, in fixed cells, by exposure to acidic conditions. Cells were treated by RNAse (1 h) and incubated with hydrochloric acid for 1 -
120 minutes, rinsed and stained with acridine orange in order to assess the amounts of single- and double-stranded nucleic acids (red and green AO emissions, respec-
tively). Red and green signals, as well as overlays and transmitted light (TL) images are shown. Changes in the intensities of the green and red emissions show an initial
increase of the proportion of ssSDNA relative to all DNA (graph), and a subsequent decrease, which coincided with degradation of the polymer under acidic conditions.

of a relatively low number of distinct repair foci, standard con-
focal images of EAU could be interpreted differently - as UDS
active uniformly all throughout the nucleus. The optimally
detected high sensitivity confocal images of EAU demonstrated
that neither was true - in fact UDS was indeed taking place
rather evenly throughout all chromatin, however precursor
incorporation was not entirely homogenously distributed but
could be resolved into a high number of minute individual sites.

High resolution single molecule localization microscopy

of UDS

In order to obtain further, more detailed insight into the
sub-nuclear distribution of UDS sites, we employed 2 super-
resolution (sub-diffraction) microscopy methods. A single
molecule localization microscope (SMLM, an in-house built

dedicated instrument),’*’® and a commercial dSTORM

super-resolution microscope were used. SMLM images of
regions with EAU showed a large number of minute foci or
single molecules distributed all throughout the nucleus
(Fig. 3A). No large UDS foci or obvious clusters of EdU sig-
nals were detected. We interpret the SMLM images as fur-
ther evidence supporting the notion that UDS occurred in a
high number of very small regions distributed evenly
throughout the chromatin. Subsequently, we extended sub-
diffraction imaging to 2-color dSTORM experiments, where
EdU representing UDS, as well as all DNA, were differen-
tially labeled in order to relate the areas containing EAU to
regions of various DNA density (Fig. 3B).

As standard confocal microscopy and SMLM, dSTORM
images also showed a large number of small EdU regions
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Figure 3. Super-resolution imaging of UDS in cells exposed to UVC. (A) EdU detected by custom-built single molecule detection instrument, showing numerous sites of
UDS; a standard widefield fluorescence image (a), a super-resolution image (b) and a magnified view of the area embraced by a square (c). Scale bar 5 wm. (B) UDS sites,
revealed by EdU, shown against the background of nuclear DNA. Standard widefield images are shown in panels (a-c). Super-resolution images of UDS in the same cells
(d-f), and enlarged selected areas (squares) (g-i), showing UDS sites and DNA density. Scale bar 2 um (f) and 1 wm (i). (C) 3D dSTORM single molecule images of UDS sites
(a, d) and enlarged images of selected UDS regions (square), shown at different angles to reveal their 3D structure (b,c,e f). The depth of the position of individual foci
within 3D space is color-coded (left). Scale bar 1 um (a,d) and 0,5 um (b,c,ef,). (D) UDS sites, revealed by BrdU, shown against the background of nuclear DNA. Standard
widefield images are shown in panels (a-c). Super-resolution images of UDS in the same cells (d-f), and enlarged selected areas (g-i) showing UDS sites and DNA density.
As demonstrated in Fig. 1C, the pattern of UDS seen via BrdU incorporation (Fig. 2C) is qualitatively different than the pattern seen through EdU incorporation (Fig. 2D).

Scale bar 2 um (f) and 1 pm (i).

distributed evenly in the equatorial slice of the nucleus. Two
representative examples are shown in Fig. 3C. No discrete
large repair foci were detected. Occasionally objects resem-
bling larger foci were seen in 2D projections. The depth-coded
dSTORM images revealed, however, that these objects were
groups of small foci located at small distances of each other
(Fig. 3C). The UDS foci found in dSTORM images showed no
apparent relationship to the regions of high or low DNA den-
sity (Fig. 3B). We also imaged BrdU with dSTORM (Fig. 3D).
In contrast to the findings provided by sensitive confocal and
sub-diffraction imaging of EdU, the dSTORM images of BrdU
again demonstrated a low number of foci of various sizes and
brightness, including some large and bright objects. In this
respect, sub-diffraction imaging confirmed the observations
and conclusions based on confocal data, indicating that the
distribution of BrdU foci is influenced by differences in sensi-
tivity of DNA in situ to denaturation by hydrochloric acid.
Because of this bias the pattern of BrdU incorporation is

inconsistent with the actual sites of active UDS after UV
exposure.

Since the patterns of UDS detected by confocal and super-
resolution microscopy methods using BrdU or EAU as DNA
precursor analogs are different, a question arises as to which of
the 2 is a better representation of the spatial distribution of
active repair regions. We note that the first successful in situ
studies of UDS employed incorporation and detection of nucle-
oside analogs tritium labeled thymidine™® or bromodeoxyuri-
dine.*>*® However, these approaches were characterized by
several limitations. The main drawback of the method of detec-
tion of UDS based on incorporation of *H-TdR arises from lim-
ited spatial resolution of 2-dimensional autoradiograms.” The
highest resolution of silicon-based electron detectors in S-auto-
radiography is within the range between 0.1 to 1.0 m.> In the
case of detection of BrdU, as discussed earlier, the main prob-
lems arise from the need to denature DNA in order to facilitate
access of an antibody to BrdU, and the fact that DNA



denaturation is typically incomplete. Moreover, it has been
shown that condensed chromatin in prophase, metaphase, and
heterochromatin blocks are denatured more easily than euchro-
matin,>* therefore acid denaturation may introduce bias in
detection of BrdU (i.e., a preference for detecting BrdU in con-
densed chromatin). Achieving a complete DNA denaturation is
not only difficult, but it is also undesired since leaving some
dsDNA sections makes it possible to stain the cell nucleus with
popular dsDNA-binding dyes like DAPI, Hoechst, or PL.>>%®
As a result, the standard procedure used in detection of the
incorporated BrdU results in a limited rather than full access of
anti-BrdU antibodies to the incorporated DNA precursors. In
fact, it is apparent that the presence of stainable DNA is the evi-
dence that denaturation is only partial and thus the BrdU
incorporated into dsDNA section is undetectable. In contrast
the click reaction occurs readily with the incorporated EdU
molecules all throughout the cell nucleus. The label is cova-
lently linked to the precursor after cell fixation, therefore its
detachment and loss is unlikely. Even a low number of the
incorporated fluorescently labeled EAU molecules can be
detected by state-of-the art, high-sensitivity and super-resolu-
tion microscopy methods. Such sensitivity and resolution of
microscopy images were not available in early studies of UDS.
In conclusion, the fact that BrdU cannot reveal a pattern of
UDS faithfully, even using the current sophisticated imaging
methods, can be attributed to only partial denaturation of
DNA causing limited accessibility of BrdU for immunolabeling.
Needless to say the severe conditions of DNA denaturation by
strong acid or high heat denature proteins and destroy nuclear
architecture.

UDS dependence on the dose of UVC

Optimizing a sensitive and accurate method of detection of
UDS opened the way for studies of an efficiency of the repair of
UVC-induced lesions in individual cells. We were prompted to
assess the efficiency of repair by the fact that, based on our
images, the total amounts of EAU incorporated into DNA dur-
ing NER varied significantly not only between different UVC
doses, but also between individual cells. Since the extent of
damage (the number of PPs and PDs) inflicted by a given dose
of UV can reasonably be expected to be similar in all cells>*!
this large variation in the amounts of the incorporated precur-
sor is likely to reflect different efficiencies or rates of UDS in
individual cells. Thus, we measured the integrated intensities of
fluorescence signals in each nucleus, and calculated the relative
total amounts of the incorporated precursor. Two ways of plot-
ting the data to describe the effectiveness of UDS were used -
histograms of the amounts of the incorporated precursor
within a population, and the proportions of cells exhibiting
high, medium or low and no precursor incorporation in each
group.

Fig. 4 shows histograms of the amounts of the incorporated
precursors within the whole cell population, for the 7 UVC
doses used in our experiments. When fibroblasts were exposed
to a low dose of UVC (5 J/m?), over 90% of non-replicating
cells responded with detectable UDS. There was at least a 3-
fold difference between the amounts of the precursor incorpo-
rated by various responding cells within this population. This
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wide range of the amounts of the incorporated EdU is likely to
represent different rates or efficiency of the repair processes in
individual cells. It is important to note, however, that we can-
not exclude a possibility that 2 other factors might contribute
to the intercellular differences between the amounts of the
incorporated EdU within a group treated with one dose of UV.
These two factors are (i) different levels of endogenous thymi-
dine and the resulting competition between the endogenous
precursor and EdU, and (ii) higher numbers of UVC-induced
lesions in late S and G2 cells, as compared to GO/G1 cells, due
to a higher amount of DNA (assuming a random nature of
DNA damage induction). We were unable to estimate the influ-
ence, if any, of different levels of intracellular thymidine on the
amount of the incorporated EdU. Different amounts of DNA
in G1, S and G2 cells can account for no more than a 2-fold dif-
ference in the amount if the incorporated EAU within an asyn-
chronous cell population.

We note, that when the increasing UVC doses were used (5,
10 or 20 J/m?), the mean and maximum amounts of the incor-
porated EAU also increased, presumably reflecting the growing
number of DNA lesions. Interestingly, when we used even
higher doses of UVC (30 up to 3,000 J/m?) the extent of EAU
incorporation did not significantly increase.

Considering that the doses of UVC delivered to these cells
varied by 2 orders of magnitude, the fact that the amounts of
the incorporated EdU at doses 30 J/m* and higher were similar,
suggests that saturation of the repair capacity occurred. This
saturation may be a consequence of a limited amount of some
critical component of the NER pathway. A shortage of thymi-
dine is unlikely since, if it were to occur, EQU, which is in plen-
tiful supply, would have been incorporated at an even higher
rate than in the presence of thymidine. Thus, a limiting step of
the repair process at high damage levels may be the availability
of one or several NER repair factors.

The percentage of cells showing no EdU incorporation
(’non-responders’) was decreasing for doses of 5-20 J/m?, but
begun to increase with the larger UVC doses (above 30 J/m?).
Non-responders constituted a large proportion (40%) of a pop-
ulation exposed to a very high dose of UVC (3,000 J/m?). The
observation that, within the range of large UVC doses, the
higher was the dose the higher was the number of cells that did
not respond by detectable EdU incorporation, suggests that
heavy DNA damage resulted in the lower chance to complete
the steps of repair processes preceding incorporation of EdU.
The data available currently do not allow to propose a clear
mechanism of this phenomenon. We note, however, that it is
possible that some cells classified here as ‘nonresponders’ acti-
vate the repair processes at many sites but fail to reach UDS
and complete the repair. It is also possible that at the maximal
UVC dose cells recognize the high extent of DNA damage as
lethal and activate the apoptotic instead of repair pathways.

In the second method of plotting the data described above
we defined the efficiency of UDS as zero to low, medium or
high when the amount of the incorporated EdU fell within the
range of 0-10%, 11-60% and 61-100% of the maximum value
of the incorporated precursor, respectively. The proportions of
cells exhibiting various levels of efficiency of UDS are shown in
Fig. 4C. Apparently the size of these groups is strongly depen-
dent on the dose of UVC delivered to cells. The proportion of
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cells showing none or only a low level response decreased for
doses up to 10 J/m?, but increased significantly for doses higher
than 20 J/m>. The cells characterized by standard efficiency of
UDS constituted over 90% after a low dose of UVC (5 J/m?),
but only 40% in response to the highest dose used (3,000 J/m?).
The cells capable of very efficient repair constituted 3-12% of
the population and apparently their proportion was indepen-
dent of the UVC dose (for doses 10 — 3,000 J/m?). This observa-
tion hints at the presence of high levels of repair factors in these
few highly UVC-resistant cells.

Time course of EdU incorporation after UVC irradiation

Unscheduled DNA synthesis is the last stage of repair of the
UVC-induced lesions, thus we turned our attention to the time,
which elapsed between UVC exposure and incorporation of
DNA precursors. We studied the kinetics of the UDS process
by measuring the extent of EdU incorporated into DNA of the
cells that were exposed to the dose of 30 J/m”. Incorporation of
EdU representing repair of endogenous damage was only barely
detectable in some cells in control cultures (Fig. 5A,B). Incor-
poration of the DNA precursor analog in irradiated cells was
detectable already 15 minutes after the UVC exposure, but a
significant increase of the amount of the incorporated EdU
occurred one hour after the insult (Fig. 5A,B).

There was no increase of the signal of the incorporated
EdU between 4 and 6 hours indicating that the repair process,
which gathered pace one hour after UV exposure, was com-
pleted within approximately 4 hours. This time course of the
repair is in agreement with observations described in other
reports.”*>* We have previously noticed significant increase of
the nuclear volume following DNA damage (dsDNA breaks)
induced by topotecan.” This increase may be caused by global

chromatin decondensation observed during DNA repair.*>*’

Here, in the case of UV-induced damage, no significant
increase of nuclear volumes was observed within 6 hours of
UV insult (Fig 5A,C), suggesting that large scale chromatin
decondensation may not be required for NER at that time
point after the UV exposure. It was observed previously, how-
ever, that chromatin decondensation is a rapid and transient
event peaking at 30 min after cell exposure to UV (50 J/m?)
followed by a decline after 60 min.””

Conclusions

Detection of UDS by means of EAU incorporation (as opposed
to BrdU) argues in favor of induction of randomly distributed
UVC damage and repair, and an absence of a low number of
distinct repair foci. The UDS detection based on EAU reveals
that the capacity to repair UVC-induced damage, measured
using EAU incorporation, varies significantly between individ-
ual cells, with some cells demonstrating no active UDS. At
UVC doses 30 J/m* and above progressively more cells show
no EdU incorporation. A small fraction (approx. 5%) of the cell
population shows a very high propensity to activate and com-
plete UDS after DNA damage; their proportion is not influ-
enced by the dose of UVC within the range of 10 J/m” to as
high as 3,000 J/m>.

Based on the data presented above we conclude that when a
sensitive detection is used, the incorporated DNA precursor
analog EdU provides a more relevant representation of UDS
than BrdU. Shortcomings of the BrdU method likely arise from
incomplete denaturation of DNA and limited access of an anti-
BrdU antibody, as well as global changes of nuclear and chro-
matin structure induced by the procedure required for BrdU
detection.



1166 A. PIERZYNSKA-MACH ET AL.

Abbreviations

APD avalanche photodiode

BrdU 5-bromo-2-deoxyuridine

EdU 5-ethynyl-2’-deoxyuridine

EMCCD  electron multiplying charged coupled device
NER nucleotide excision repair

PMT photomultiplier

STORM  Stochastic Optical Reconstruction Microscopy
*H-TdR - tritium labeled thymidine

uvcC ultraviolet C

UDS unscheduled DNA synthesis
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