Simultaneous detection of multiple DNA damage types by multi-
colour fluorescent labellingt
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Hereinwe presentan assay allowing concurrent detection of oxidative
DNA damage and photoproducts. We apply DNA repair enzymes
specific for each lesion type to incorporate spectrally distinct
fluorescent nucleotides, enabling simultaneous quantification of the
lesions on individual DNA molecules. We follow the repair of both
damage types in skin cells exposed to artificial sunlight.

Tens of thousands of DNA lesions are produced daily in living
organisms from exogenous and endogenous exposures.t Genomic
instability plays an initiating role in carcinogenesis,?? is involved
in aging,*® and has been linked to Alzheimer’s™® and other
medical conditions. DNA damage takes the form of double or
single strand breaks and various chemical modifications to the
bases themselves.1%!! Given the importance of DNA damage and
its role in genomic instability, there is a need for reliable
experimental methods to measure and quantify DNA damage.
Single and double strand breaks are commonly measured
indirectly through the use of strand break markers such like
phospho-H2AX (gH2AX) or 53BP-1 and quantified by immuno-
fluorescence or enzyme-linked immunosorbent assay (ELISA).1?13
Comet assay or Single cell Gel Electrophoresis allows more
specific strand break detection in cells, eliminating the require-
ments for specific antibodies.’* Detection of chemical modifica-
tions present an even more difficult challenge due to their variety.
Two major types of damaged base modifications are oxidative'®
and photoproducts.’® Oxidative base lesions are the reaction
products of reactive oxygen species (ROS) and nitrogenous
bases.” More than 20 different oxidative base modifications have
been identified, with 8-oxo0-2'deoxyguanosine (8-oxodG) as a
notable example.'> Photoproducts are crosslinks between adjacent
pyrimidine bases, i.e., cyclobutane pyrimidine dimers (CPD) or (6-4)
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pyrimidine-pyrimidone structures, that result from direct exposure
to ultraviolet (UV) radiation.?®1° Chemical modifications can also
occur in mixtures, with UV radiation producing ROS that creates
oxidative base damage in addition to photoproducts.?®?* Direct
quantification of these damage types or their combinations is limited
due to the need for antibodies specific to each lesion type. Recent
developments in single molecule approaches have
demonstrated that various DNA base lesions could be charac-
terized through analysis of individual DNA molecules.??25
Using a commercial cocktail of repair enzymes, we previously
analysed the global amount of DNA damage and repair
dynamics in human cell lines.? Although this approach showed
very high sensitivity, it could not distinguish between different
damage types due to the use of a mixture of repair enzymes
recognizing various types of damage. To address the need for
simultaneous detection of multiple specific damage types, we
developed an assay for single-molecule multi-colour detection
and relative quantification of photoproducts and oxidation
products simultaneously.

To facilitate the distinction between damage types via labelling
with different colours, we first used two individual reactions for
labelling oxidative damage and photoproducts. As a model for
photoproducts, we used HEK cells exposed to either UVA, UVB or
UVC radiation for increasing periods of time, resulting in an
increasing dose of UV radiation. Oxidative damage was induced by
exposing HEK cells to increasing concentrations of hydrogen
peroxide. Labelling of photoproducts was performed with
pyrimidine dimer glycosylase (T4 PDG), an enzyme that recog-
nizes cis—syn-cyclobutane pyrimidine dimers caused by UV
irradiation.?” Oxidative damage was specifically labelled using
human 8-oxoguanine DNA glycosylase (hOGGL1), an enzyme

that releases damaged purines from double stranded DNA.28
For every experiment, a control DNA sample extracted from
untreated cells served to evaluate the endogenous DNA damage
baseline. We compared the results from our assays to the
commercial cocktail of repair enzymes (PreCR mix) to verify
their correlation. After labelling damage sites and without
further cleaning, the backbone of the DNA was stained and



then stretched on modified glass slides for imaging. Data were
analysed using custom software that detects the stretched DNA
molecules and counts the number of labels along the DNA
contour, reporting on the number of damage sites as a function
of overall DNA length measured?® (for error calculations see
Fig. S1 and for experimental details see methods section, ESI+).
As expected, more DNA lesions were induced by longer
irradiation time or higher hydrogen peroxide concentration, in
agreement with the results obtained with the PreCR mix
(Fig. S2and S3, ESIT). We also observed increased damage levels
with shorter wavelength, higher energy UV. When treating the
DNA extracted from irradiated cells with the hOGG1 mix,
fluorescent labelling was observed, indicating that irradiation
induced oxidative DNA damage in addition to photoproducts.
Both damage types increased with UVC in a dose-dependent
manner (see Fig. S2a, ESIt). UVB radiation showed only a slight
increase in photoproducts with no increase in oxidative damage
(see Fig. S2b, ESI{). The UVA radiation produced no
detectable increase in any of the damage types measured over
the dose range (see Fig. S2c, ESI+).

We found the results from our labelling assays to be more
reproducible than those received with the PreCR mix (see Fig.
S4, ESIT). Several improvements were added to the optimized
reactions. First, we found that hOGG1 performed better than the
Formamidopyrimidine DNA glycosylase (Fpg) enzyme present
in the commercial PreCR mix for repairing oxidative damage.
Fpg produced a significant amount of non- specific labelling
that prevented quantitative analysis (see Fig. S5, ESIY). In
addition, in the optimized reactions, we used large fragment Bst
polymerase instead of the full fragment Bst. Large fragment Bst
produced significantly less non-specific end labelling of DNA
molecules and was thus better for quantitative damage
assessment (see Fig. S6, ESIt). Importantly, we found that the
reaction for photoproducts produced labelling in cells
treated with hydrogen peroxide, where no photoproducts are
expected (see Fig. S3, ESI¥). This is due to the presence of
endonuclease 1V, that is used for conditioning the gaps, but is
also known to detect and excise oxidative damage and AP sites.
However, eliminating the endonuclease IV from this reaction
drastically decreases the labelling efficiency of the assay,
emphasizing its importance (see Fig. S7, ESIY).

Given that UV radiation results in mixtures of base modifica-
tions on the same DNA molecules, quantifying both oxidative
lesions and photoproducts simultaneously would provide new
insight into DNA damage mechanisms and their repair dynamics.
Spectrally distinct fluorescent labels offer the potential to assign
different colours to different damage types within the same sample
and on the same DNA molecule. To highlight multiple damage
types on the same sample, we performed the two damage-specific
reactions consecutively while enzymatically degrading the
fluorescent nucleotides between labelling reactions (for
experimental details see methods section, ESI+). We first labelled
the oxidative damage with one colour using the hOGG1 mix and
then the photoproducts with a second colour. For selective
labelling of each damage type with a distinct fluorescent
nucleotide, we used a heat sensitive phosphatase to cleave the
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Scheme 1 Schematic representation of the multi-labelling reaction that
highlights multiple damage types on the same DNA sample. First, the
oxidative DNA damage is repaired using hOGG1 and endonuclease IV
enzymes followed by ATTOS550 dye labelling (represented with blue
markers). Then the ATTO550 nucleotides are rendered inactive by an
alkaline phosphatase that removes the phosphate groups from the unin-
corporated nucleotides, followed by heat inactivation. Finally, the photo-
products are repaired using the T4 PDG and endonuclease IV enzymes
followed by ATTO647N dye labelling (represented with red markers).

phosphate groups from any residual fluorescent nucleotides from
the first reaction, leaving a terminating hydroxyl group that
prevents further incorporation by the DNA polymerase. The
second enzyme mix is then applied along with spectrally
distinct nucleotides that are inserted by the DNA polymerase
during the second repair step. This way, the amount of fluor-
escent labelling at each colour reflects the amount of each DNA
damage type. Scheme 1 represents the various steps of the
multi-labelling reaction.

To validate our multi-labelling reaction, we used the
previously analysed HEK cells exposed to UVC, as these samples
showed an increase in both oxidative damage and photo-
products. Fig. 1 shows some representative labelled DNA mole-
cules from the imaged data and the image analysis results. Fig.
1a was cropped from a typical field of view (see Fig. S8, ESI+)
containing labelled DNA molecules from the imaged data. Each
grey structure is a DNA molecule and the red dots represent
repaired photoproduct sites while blue dots represent the
repaired oxidative damage sites. Fig. 1b shows the DNA
molecules detected by the image analysis software (green) as
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Fig. 1 Simultaneous detection and quantification of photoproducts and
oxidative DNA damage in HEK cells exposed to UVC radiation. (a) Fluores-
cence image of DNA molecules labelled with the multi-labelling reaction.
Grey colour represents the backbone of the DNA molecules, red dots
represent photoproduct sites, and blue dots represent oxidative damage
sites. (b) Analysis results of the raw image using automatic software. Green —
detected DNA molecules, red dots — detected photoproduct labels, blue dots —
detected oxidative damage sites. (c) Dose response of HEK cells exposed to UVC
radiation as detected by the multi-labelling reaction. Red represents the levels of
detected photoproducts and blue the levels of oxidative damage.

well as the detected oxidative sites (blue) and photoproduct
sites (red). Only linear molecules with a minimal length of 12
kbp that do not cross other molecules are analysed. Fig. 1c
shows an increase in both photoproducts and oxidative damage
with increasing UVC dose. Results for both damage types are
produced simultaneously from the same sample and correlate
with the results received for the individual reactions (Fig. S2c,
ESIt), although the absolute numbers vary due to different
reaction conditions. We note that due to the ability of the
reaction for photoproducts labelling to repair some oxidative
lesions as well (see Fig. S3, ESIY), it is important to first apply
the oxidation-damage specific hOGG1 mix and only then apply
the photoproduct T4 PDG mix (see Fig. S9, ESIT).

UVC shows the most dramatic induction of photoproducts
and oxidative lesions; however, it is mostly absorbed by atmo-
spheric ozone and is less relevant to human exposure. Ambient
sunlight in the UV range is mostly UV A (90-95%) and residual
UVB (5-10%). While the longer wavelength UVA penetrates
deeply into the dermis, UVB is predominantly absorbed by the
skin’s more superficial epidermal layers.% It is the main cause
of sunburn and plays a key role in the development of skin
cancer.3132 Therefore, to demonstrate the utility of our methods
for studying exposure, we examined human skin cells exposed
to “‘environmental UV”’ irradiation centred at 315-320 nm, right
at the interface between UVA and UVB light. We used
immortalized human keratinocyte (HaCaT) cells and exposed
them to this radiation with a power density of 1 W m—2
attempting to simulate ambient solar exposures at this wave-
length.33-35 We first examined the dose response of the HaCaT
cells to the UVB, simultaneously following the increasing levels of
both photoproducts and oxidative damage. Then, we tracked the
repair process of these lesions by returning the cells to the
incubator for given intervals of recovery time after irradiation and
measuring the retention of photoproducts and oxidative lesions in
the genomic DNA after each given repair time. As before,
unexposed cells served as controls for basal damage levels in every
experiment (for experimental details see Methods section, ESI+).
Fig. 2 summarizes the damage measurements for the HaCaT cells
experiments using our dual-colour reaction.
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Fig. 2 “Environmental UV"-induced DNA damage and repair in the human
skin model cell line HaCaT, as detected by the multi-labelling reaction.
(a) HaCaT cells response to increasing dose of UVB radiation. (b) Repair
dynamics over 180 minutes in HaCaT cells exposed to 1800 J m—2 of UVB
radiation. In both graphs, red represents the levels of detected
photoproducts and blue the levels of oxidative damage.

Fig. 2a shows that increased irradiation time results inhigher
levels of photoproducts (red) and oxidative damage (blue) as
expected. In Fig. 2b, we show the DNA-damage repair dynamics
of HaCaT cells exposed to 1800 J m—2 of ‘‘environ- mental UV.”’
A sharp increase in damage levels is observed immediately after
irradiation and then a gradual decrease in damage levels is
observed as a function of repair time, due to  the natural repair
process of the cells.

In summary, we demonstrated a single molecule approach
for distinctive labelling of two major DNA damage types for
simultaneous detection. In all experiments, only 50 ng of DNA
was needed to produce efficient labelling, an important factor in
cases of rare biological samples. The multi-labelling reaction
does not require any cleaning or removal of free fluorescent
nucleotides prior to imaging, improving yields and shortening
preparation times. The automatic sample imaging and image
analysis process greatly eased the overall procedure, making the
entire assay robust and straightforward. Moreover, the new
protocol for glass coverslip activation is much faster, reducing
the assay time. Although this study focused on photoproducts
and oxidative damage, this method is not limited to these
damage types. This methodology could be used with any
specific repair enzyme to label other damage types of interest
and monitor repair dynamics. The approach can also be combined
with epigenetic labelling to get insight into the relationship
between DNA damage and epigenetic modulation.3¢-3° Some of
the most interesting questions in the field require knowledge of
the location of specific damage lesions in the genome. The
genomic distribution of DNA damage may potentially be
mapped utilizing nano-channel technology and integration of
this labelling approach with optical genome mapping as recently
shown for DNA methylation.“%*3 Overall, this assay is highly
adaptable for various biological studies and can easily be
extended to reveal more information, while requiring minimal
expertise.
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