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Preface

Research in DNA damage detection is a fast-paced field of study. The continuous requirement
in this field for ever faster DNA damage assays is driven by the rapidly increasing numbers
of samples to be analyzed and by the intensified competition between various scientific
groups.

The faster assays make possible rapid high-volume and machine-based assessments.
Such capability is in demand in drug design, high-throughput industry, environmental
studies, and in molecular and clinical pathology research. It enables a pathology laboratory
to perform rapid evaluations of DNA damage in either fixed archived tissues or unfixed
clinical samples. The ubiquitous nature of DNA damage and its outcomes to a cell, such as
apoptosis or necrosis, makes such assays applicable to studies across a wide range of organs
and tissues. As time- and cost-saving techniques, the faster assays are useful for basic research
in academia and in clinical studies of pathologies where DNA damage and apoptotic cell
death play an essential role: cancer, ischemic disorders, and degenerative diseases.

To satisfy this requirement many new approaches are being developed. In addition
quicker variations of the established techniques are constantly introduced. These methods
use various tactics to cut down the detection time including the homogenous “closed--
tube” formats with FRET reporting, new and faster labeling enzymes, quicker DNA probes,
advances in the design of analytical instruments, and new ways to probe the samples, such
as ultrasound scans.

Although such rapid techniques are in demand in the “research trenches,” they are not
covered well in the literature. This volume is the first such compendium of the time-saving
techniques for detection of DNA damage and its direct physiological outcomes including
apoptosis, necrosis, and phagocytic clearance.

The term “fast detection” in the book title is an umbrella designation indicating three
types of time-saving assays. The assays which take around 1 h to perform comprise a group
of true express techniques. These are followed by the rapid assays which take 3 h or less to
complete. Next are the accelerated techniques. Although being lengthier than the previous
two groups of methods, these represent significantly shortened, speeded up versions of
routinely used techniques.

In line with this the book is divided into three parts. Part one—Express Detection—
includes the fastest protocols which require less than 60 min to complete. The strategies
which these express methods use to minimize the detection time include near instantaneous
FRET reporting, agarose trapped cells, ultrafast labeling enzymes, as well as advantageous
instrumental approaches, such as flow cytometry, and ultrasound. Most protocols in this
section require 30—40 min, although several such as FRET or ultrasound assays need only
3-5 min.

Part two of the volume—Rapid Detection—describes the techniques which can be
finished in 3 h or less. This part presents the isothermal “zebra tail” and RT PCR amplifi-
cation assays to label DNA breaks, in addition to flow and image cytometry, and immuno-
cytochemical detection of y-H2AX and DNA damage. This section also contains the
original Fast Micromethod procedure for genotoxicity assessments in cell suspensions and
homogenized tissues.
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The third part describes the accelerated detection of DNA damage and apoptosis.
It contains time-saving modifications of the popular techniques. These speeded up assays
mostly take 4-6 h to complete. The presented techniques include a high-throughput
version of the comet assay for quicker examination of DNA damage and repair, immuno-
fluorescence analysis of y-H2AX foci, RAPD-PCR for the evaluation of genotoxin-induced
DNA damage, and the fast-tracked ex vivo detection of y-H2Av foci in Drosophila
imaginal discs.

Overall the book presents a comprehensive collection of quick assays for the detection
of nuclear and mitochondrial DNA damage and its effects in live and fixed cells and tissues,
and in bacterial genomes. In addition to mammalian cells the protocols describe the use of
cells from invertebrate species, such as sea mussels and Drosophila, which are convenient
models for the environmental tests and toxicity studies. The volume demonstrates all levels
of detection, starting from the molecular level up to the level of the entire live organism.

Such a broad methodological resource will be equally useful to both beginners in the
DNA damage field and experienced researchers. Its particular usefulness is for those who
perform day-to-day investigations of DNA damage and its effects, such as postdoctoral
tellows, research group leaders, and academic faculty.

Researchers in molecular and cell biology, biochemistry, oncology, radiobiology,
experimental and clinical pathology, toxicology, embryology, experimental pharmacology,
drug design, and environmental sciences will find the book beneficial.

This book describes easily reproducible techniques requiring only a few steps to perform,
and therefore, it will be useful for those who would like to gain quick access to the technical
arsenal needed to study DNA damage. As such it will provide help to senior students and
clinical scientists who would like to familiarize themselves with research possibilities in
DNA damage detection and to explore this unique field.

I thank Candace Minchew for her highly useful and expert technical assistance. I am
also grateful to Professor John Walker for his advice and encouragement throughout the
review process.

Houston, TX, USA Viadimir V. Didenko
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Chapter 1

Express FRET Labeling and Analysis of Phagocytic

Clearance

Viadimir V. Didenko

Abstract

Lysosomal DNase II in phagocytic digestion produces DNA ends with 3'PO,/5’OH, which differ from
those created in apoptotic DNA fragmentation, and can be used to label phagocytic clearance of cell death.
Here, we describe the use of these specific DNA ends as selective markers of phagocytic reaction in cell
suspensions. The approach does not require cell fixation. It selectively labels blunt-ended DNA breaks with
terminal 5’OH. The detection is performed by ultra-fast FRET probes in a single step, closed-tube procedure.
It takes 3 min and is signaled by fluorescence. The full step-by-step protocol is presented as well as instruc-
tions on analysis and representation of the results.

The described DNA-end-based phagocytosis marker and the new rapid FRET assay can be useful in
studies of phagocytosis, apoptosis and in immune system assessments.

Key words FRET probes, Nanoblinkers, Phagocytic digestion of DNA, 5’OH DNA breaks labeling,
Phagocytosis, Phagolysosomes, Apoptotic cell clearance, Express detection of DNase II cleavage,

5’0OH DNA probes

1 Introduction

Apoptotic fragmentation and phagocytic digestion of DNA are the
only two processes in cells which can specifically generate large
numbers of blunt-ended DNA breaks. However, these two pools
of breaks differ principally in the distribution of their functional
end-groups. Apoptotic nucleases produce DNA breaks with
3'OH/5'PO,, while lysosomal DNase II in phagocytic digestion
makes the inverted 3'PO,/5'OH configuration [1, 2].

In another report in this volume, we described an approach for
fast and specific labeling of such DNase II-type breaks in situ, in
fixed tissue sections [3]. The procedure permitted selective
visualization of active phagocytes performing clearance of apop-
totic cells. On a subcellular level, the in situ assay labeled phagoly-
sosomes in the cytoplasm of the cells that engulfed apoptotic
nuclei. These cellular organelles are responsible for the actual

Vladimir V. Didenko (ed.), Fast Detection of DNA Damage: Methods and Protocols, Methods in Molecular Biology, vol. 1644,
DOI 10.1007/978-1-4939-7187-9_1, © Springer Science+Business Media LLC 2017
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execution of phagocytic degradation of apoptotic cell corpses, and
are the final sites where engulfed DNA material is destroyed by
DNase 11 [4, 5].

Here, we expand the labeling of DNase II-type cleavage to live
cell suspensions, such as cultured non-adherent cells. The technique
can also be adapted to noncultured cells, such as those obtained in
blood tests, for example peripheral blood mononuclear cells.
Moreover, the procedure can be used with adherent cells after they
are put in suspension.

The approach detects blunt-ended DNA breaks with terminal
5'0OH, a general marker of phagocytic DNA digestion [4, 6].
Therefore, it can label all the various cell types participating in
phagocytic clearance.

By being a FRET-based technology, this assay differs signifi-
cantly from the previously described in situ labeling techniques [ 3,
4]. This is because FRET probes, which can work in a homoge-
nous cell culture assay, have different requirements as compared to
the in situ probes for tissue sections.

In a homogenous closed-tube format, the unreacted probe
cannot be washed out from the reaction mix making it difficult to
determine the amount of probe which actually reacted with its tar-
get. To overcome this limitation we developed a new type of FRET
probes termed nanoblinkers, which do not require washing steps
as they indicate detection of their targets by changing their fluores-
cence color. Specifically, the FRET probes described in this presen-
tation signal the detection of specific DNA breaks by changing
their fluorescence emission maxima from 580 to 525 nm (i.e.,
from red to green).

The general structure of the nanoblinker FRET probe and its
mode of action are presented in Fig. 1. The figure shows that the
probe is a dual-hairpin oligonucleotide with two fluorophores
(FRET donor and acceptor) positioned in close proximity to enable
FRET (see Note 1).

The actual oligonucleotide probe that we use in the described
protocol is a 38-mer dual-hairpin labeled by FAM-TAMRA. It
contains CCCTT3’ sequence recognized by the TOPO enzyme.
The enzyme specifically attaches to this site and makes a single cut
at its 3’ end (CCCTT |3). This breaks the dual-hairpin into two
separate hairpins, one carrying the enzyme and another enzyme-
free (Fig. 1). The repetitive cleavage-religation permits separation
and random re-association of the hairpins. This oscillating system
is a specific detector of 5’OH DNA breaks because the length of
the donor fluorescence phase, when the hairpins are separated,
radically increases in their presence. A blunt-ended 5 OH DNA
break represents the selective alternative target for the acceptor-
carrying hairpin with bound TOPO, which can ligate to it instead
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Unreacted Probe Detection

_ Activated Probe C )
” I o
’ , DNA breaks

o RED * GREEN
uorescence Fluorescence

FRET Oligo

Fig. 1 Nanoblinker FRET assay for detection of DNase Il breaks in cell suspensions. In the dual hairpin FRET
Oligo the green DONOR fluorescence is suppressed due to FRET-based transfer of energy to the red ACCEPTOR
(FAM and TAMRA fluorophores in the actual probe). Vaccinia topoisomerase | (TOPO) binds to the FRET Oligo
and cleaves it in the center. Two hairpins perpetually ligate back and then recleave, producing alternating
DONOR-ACCEPTOR fluorescence. In this equilibrium the ligated state is predominant and the main fluores-
cence is from the ACCEPTOR [7]. When DNase Il breaks are present, the ACCEPTOR part ligates to them
instead. This permanently stops FRET, eliminates red ACCEPTOR fluorescence, and activates green DONOR
fluorophore in its place. The color change indicates detection

of the donor-labeled hairpin [4, 8]. This interrupts FRET, shifts
fluorescence emission from acceptor to donor (i.e., probe fluores-
cence changes from red to green), thus signaling detection of DNA
damage (Fig. 2).

The nanoblinker FRET probe can uncover DNA damage in
the homogenous assay format without the need to remove the
unreacted probe. The assay is sensitive and in tests could distin-
guish between apoptotic and necrotic cell engulfment, based on
the intensity of phagocytic clearance [7] (see Note 3).

Here, we present the complete protocol of this ultra-fast FRET
technique applicable for detection of DNase II-type breaks in sus-
pensions of unfixed, live cells. With its labeling step requiring only
3 min and no need for cell fixation, the assay provides the most
rapid evaluation of specific DNA breaks. The nanoblinker FRET
probe reacts exclusively with 5’OH blunt-ended DNA breaks. The
detection is not affected by the presence of other types of DNA
damage, beyond the target breaks of DNase II-type [7].

The described protocol was extensively used in studies of
phagocytic J774A.1 cells clearing apoptotic and necrotic U87 cells
[7]. The assay does not change when any other cell types are used,
but in some cases it might need an adjustment.
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Fig. 2 Nanoblinker FRET probes detect 5'0H DNA ends. Emission spectra of
cycling nanoblinkers before and after the addition of 5'OH DNA ends (Test Oligo).
Before the reaction the emission maxima correspond to fluorescence of both
DONOR (FAM—525 nm) and ACCEPTOR (TAMRA—580 nm). The detection reac-
tion increases fluorescence of DONOR and decreases that of ACCEPTOR.
Aecitation—488 nm. (see Note 2 for full test details)

2 Materials

. Phagocytic J774A.1 cells from ATCC (TIB-67).

2. U87 cells from ATCC (HTB-14).

. FRET Oligo—a 38-mer oligonucleotide dual-labeled with

FAM and TAMRA:

5'-AAGGGT(TAMRA)CCTGCTGCAGGACCCTTAACGC
ATTATGCGT(FAM)T-3'".

. Test Oligo—a 21-mer hairpin used to emulate the blunt-ended

DNase II breaks in positive control solution tests:
5-GCGCTAGACCTGGTCTAGCGC-3'.

All oligonucleotides synthesized and PAGE purified by IDT,
Coralville, IA. On receipt dilute oligonucleotides with bidis-
tilled water to 100 pmol /pL concentration and store at —20 °C,
protected from light.
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. Vaccinia DNA topoisomerase 1—3000 U /pLL (Millipore) (see

Note 4).

. 100 mM Tris—-HCIL, pH 7 4.
. Scanning spectrofluorometer (Tecan Safire 2 or similar).
. APO HTS 3/7 Caspase Detection kit (Cell Technology, Inc.).

This kit is used for several purposes in the assay. First, it helps
to confirm the apoptotic morphology of the cells. Second, it
provides the cell lysis buffer that is also used for the disruption
of cellular membranes to make the cellular contents available
for the analysis by the nanoblinkers (se¢ Note 5).

3 Method

3.1 Induction
of Apoptosis, Necrosis,
and Phagocytosis

3.2 Phagocytosis
Assessment

with Nanoblinker FRET
Probes

. Induce apoptosis in cultured U87 cells: incubate at 42 °C for

30 min, then return cells to 37 °C for 18 h.

Induce necrosis in cultured U87 cells by incubating cells at
65 °C for 10 min. Then return cells to 37 °C for 18 h.

. Verify apoptosis and necrosis by using the APO HTS 3/7

Caspase Detection kit and morphologically by fluorescence
microscopy using DAPI staining (see Note 6).

. Induce phagocytosis by combining treated U87 cultures (200

cells/well) with cultured J774A.1 macrophages (20 cells/
well) for 18 h at 37 °C, 5% CO, (see Note 7).

. After thel8 h-long incubation place the combined macro-

phage and U87 cell cultures (20 macrophages,/200 U87 cells)
and all negative controls in the cell lysis buffer and vortex for
30 s to rupture cellular membranes (see Note 5).

2. Aliquot all samples into a 96-well plate.
. Assemble nanoblinkers in 100 mM Tris—-HCI, pH 7.4 by com-

bining 50 pmol FRET Oligo and 50 pmol vaccinia topoisom-
erase I. Incubate for 1 min at room temperature. Add 20 pL of
prepared nanoblinkers (50 pmol total) to 80 pL (20 macro-
phages,/200 U87 cells) of ruptured cells diluted in 100 mM
Tris-HCI, pH 7.4 in a 96-well plate. The final concentration of
nanoblinkers in the wells will be 500 fmol /pL in 100 pL total
volume (see Notes 2 and 7).

. Incubate for 3 min at room temperature, protected from light.

For the incubation the plate can be placed in the spectrofluo-
rometer ready for the measurements (see Note 8).

. Immediately after the incubation simultaneously measure both

donor (525 nm) and acceptor (580 nm) emissions using
488 nm excitation directly in the 96-well plate. Use the
obtained values for the assessment of DNase II-type breaks in
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the samples (see Note 9). Compare experimental results with
controls present in the same 96-well plate (i.e., nanoblinker
probe signal without 5'OH DNA breaks) (se¢ Note 7).

4 Notes

. In FRET the rate of energy transfer is inversely proportional to

the sixth power of the distance between the donor and accep-
tor fluorophores. Therefore, the efficiency of the transfer very
rapidly declines with distance. For each specific donor-acceptor
pair a distance (in A) at which energy transfer is 50% efficient is
called their Forster radius (Ry) [9]. The efficiency of FRET
swiftly drops to zero at distances larger than the Forster radius.
The Forster radii are experimentally determined for each pair.
For FAM and TAMRA pair Ry = 55 A [10].

In the nanoblinker FRET Oligo FAM and TAMRA are at
the distance of 23.8 A [7]. Therefore, FRET efficiency (Egper)
in this case is:

6
EpRET = 1/{1+(r/R0) } =1 ,/1.006565769 = 0.993477

In other words, FRET efficiency between FAM and
TAMRA at this distance is 99.35%. Therefore in the uncleaved
oligo the acceptor (TAMRA—red) is radiative, whereas the
donor (FAM—green) is completely quenched. We investigated
the nanoblinker FRET system in more detail elsewhere [7].

. We recommend testing the nanoblinker system before per-

forming any experiments with cells. Such controls can confirm
the assay sensitivity. For these perform detection by using the
exogenous 5’OH blunt-ended DNA in solution.

For the tests assemble the nanoblinker FRET probes in 100
mM Tris—-HCI, pH 7.4 by combining 10 pmol (2 pmol/pL
final concentration) FRET Oligo and 10 pmol (2 pmol/pL
final concentration) vaccinia topoisomerase I (TOPO). To the
reaction mix add 100 pmol of Test Oligo (20 pmol/pL final
concentration) in 100 mM Tris—HCI, pH 7.4. Incubate the
reaction for 1 min at room temperature before measurements.
Scan samples using a spectrofluorometer at 488 nm excita-
tion, or measure fluorescence of the donor (FAM) at 488 nm
excitation and 525 nm emission wavelengths. The increase in
525 nm fluorescence indicates a positive reaction (se¢ Note 9
for more options).

Occasionally additional controls might be needed to exclude
possible contamination of vaccinia topoisomerase preparations
with nucleases. In such cases, the pretreatment of control
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sections with TOPO for 2 h at 37 ° C is recommended fol-
lowed by detection of DNA breaks.

. The sensitivity of the assay depends on the biological model
used, the labeling conditions, and the equipment for signal
registration. In the biochemical tests using a Tecan Safire 2
scanning spectrofluorometer, the nanoblinker assay depend-
ably detected 100 pmol of 5’OH DNA ends, represented by
the Test Oligo (20 pmol /mL final concentration), after 30 s of
incubation. In cell culture conditions after 3 min of incubation
the assay was capable of detecting phagocytosis and reliably
distinguished between apoptotic and necrotic cell engultment
based on the intensity of phagocytic activity of 20 phagocytes
digesting 200 apoptotic or necrotic cells [7]. When used with
fluorescence microscopy as in situ probes, the nanoblinkers
were applied to the cells grown on glass chamber slides. In
these conditions the assay after 15 min of incubation fluores-
cently tagged individual phagolysosomes in macrophages
digesting apoptotic and necrotic cells and enabled the subcel-
lular level of analysis [7].

. Active vaccinia topoisomerase I, which works well with the
described assay, can be purchased from Millipore, sold as a part
of the ApopTag® ISOL Dual Fluorescence Apoptosis Detection
Kit. In most experiments we used the highly concentrated
preparation of this enzyme obtained from Vivid Technologies
(Houston, TX).

. Cell lysis buffer is a proprietary phosphate-based buffer with
pH ~ 7 supplied as part of the APO HTS 3/7 Caspase
Detection kit from Cell Technology. Other approaches can be
used to disrupt cells instead of this buffer, such as hypo-osmotic
shock or freezing-thawing of cells. Prior to the application
these approaches should be experimentally tested with the spe-
cific cell samples that will be investigated by the nanoblinker
probes.

. APO HTS 3 /7 Caspase Detection kit from Cell Technology is
the homogenous fluorimetric assay for active caspase 3/7,
USing }\cxcitation = 488 nm, 7\fc1nission = 525 nm.

. As negative controls for thel8 h-long phagocytic reaction use
cells without 5’OH DNA breaks, such as normal macrophages,
apoptotic U87 cells, and necrotic U87 cells. All negative con-
trols cells (apoptotic, necrotic, and normal) should be incu-
bated at 37 C for 18 h in parallel with the other (phagocytic)
series of the experiment.

. Strict 3 min incubation time was verified as sufficient for the
sensitive measurement of specific DNA breaks in cultured cells
[7]. However, the results also confirmed that the detection
capability of the nanoblinker system was maintained for at least
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15 min post assembly [7]. Therefore, it is highly likely that a
different incubation interval within this time range can be
used, if needed, but should be experimentally tested before-
hand. In any case, the same exact incubation time should be
used for all series.

. FRET cessation in the TOPO probe signals detection of DNA

breaks. Therefore, both the peak fluorescence of the donor at
525 nm and the ratio of donor and acceptor emissions at the
excitation wavelength of the donor (Ep /4 = Ep 525 am/Ea 580 am)
can be used for the assessment of samples [7, 11, 12].

However, the use of the Ep 4 ratio provides a more sensitive
measure because the disruption of FRET simultaneously
increases the donor emission and diminishes the signal from
the acceptor. Combined these two effects drive the Ep /4 ratio
up [11,12].
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Chapter 2

Rapid Assessment of Genotoxicity by Flow Cytometric
Detection of Cell Cycle Alterations

Nevenka Bihari

Abstract

Flow cytometry is a convenient method for the determination of genotoxic effects of environmental pol-
lution and can reveal genotoxic compounds in unknown environmental mixtures. It is especially suitable
for the analyses of large numbers of samples during monitoring programs. The speed of detection is one
of the advantages of this technique which permits the acquisition of 10*-10° cells per sample in 5 min. This
method can rapidly detect cell cycle alterations resulting from DNA damage. The outcome of such an
analysis is a diagram of DNA content across the cell cycle which indicates cell proliferation, G, arrests, G,
delays, apoptosis, and ploidy.

Here, we present the flow cytometric procedure for rapid assessment of genotoxicity via detection of
cell cycle alterations. The described protocol simplifies the analysis of genotoxic effects in marine environ-
ments and is suitable for monitoring purposes. It uses marine mussel cells in the analysis and can be
adapted to investigations on a broad range of marine invertebrates.

Key words Genotoxicity assessment, Cell cycle alterations, DNA content, Flow cytometry, Marine
mussel, Mytilus galloprovincinlis

1 Introduction

Analysis of DNA content and cell cycle alterations by flow cytom-
etry is widely used in detection of genotoxic and/or xenobiotic
effects in different cell types from vertebrates and invertebrates.
The DNA content of cells is assessed with the help of the stoichio-
metrically binding DNA dyes, so that the emitted fluorescence is
proportional to the DNA amount. The most widely used dye is 4’
6-diamidino-2-phenylindole (DAPI). DAPI has a strong A-T base
preference and yields DNA histograms with coefficients of varia-
tion (CVs) lower than that obtained using other dyes. Additionally,
staining with DAPI is less affected by the state of chromatin
condensation compared to other DNA dyes.

Flow cytometric DNA analysis is performed to determine the
percentage of cells in each phase of the cell cycle and to evaluate

Vladimir V. Didenko (ed.), Fast Detection of DNA Damage: Methods and Protocols, Methods in Molecular Biology, vol. 1644,
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cell cycle alterations in cellular populations. As a rule, all normal
diploid cells (non-replicating Gy cells and cells in G; phase of cell
cycle) in the same eukaryotic organism should have the same DNA
content. This quantity is usually expressed as 2n. DNA synthesis
during the S phase of the cell cycle results in an increase in cellular
DNA content, which reaches 4n at the end of S phase and remains
at this value during the G, phase and during mitosis (M phase).
After the completion of mitosis the original cell is replaced by two
daughter cells, each with DNA content of 2n. A typical DNA con-
tent distribution across a cell cycle obtained by flow cytometry is
shown in Fig. 1. The analyzed cells fall into three categories: (1)
Cells in Gy or G, phase, i.e., with an unreplicated complement of
DNA; (2) Cells in G, or M phase with a fully replicated comple-
ment of DNA (twice the G; DNA content); (3) Cells in S phase,
with an intermediate amount of DNA.

The distribution of cells in Fig. 1 indicates that there are more
cells in the Gy /G phase than in the G,/M phase showing that G,/
G, is longer than G,/M in this population. The DNA content dis-
tribution always exhibits some variance in the Gy/G; peak, which
may be due to staining procedures, to instrumental errors, and/or
to cell-to-cell differences in DNA content.

The obtained DNA content distribution is analyzed automati-
cally by the software package supplied with the flow cytometer.
The analysis includes the calculation of CV;i.e., the standard devia-
tion of the distribution for the diploid peak divided by the peak
mean, and the percentage of cells in G, /Gy, S, and G,/M phases
during the cell cycle. Higher CVs can often result from chromo-
somal aberrations caused by clastogenic agents—mutagens induc-
ing disruption or breakages of chromosomes [1]. A larger CV may
also be due to the partial inclusion of an aneuploidy peak in the

Go/G1

7

S G2/M
[~

2n  4n
DNA content

Fig. 1 Typical DNA content histogram obtained with flow cytometry

Number of cells
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diploid peak [2]. There is an established link between the increase
in CV and both chemical [3] and radiation exposure [4]. Increases
in CVs have been reported for erythrocytes of turtles exposed to
low-level radiations in effluent ponds of nuclear power plants [4],
for blood samples of green frogs exposed to pesticides [5], for ver-
tebrates exposed to radionuclides and other mutagenic chemicals
[4, 6], for blood in fish from Chernobyl-contaminated ponds [7],
and, more recently, for clams collected at polluted sites of Sagueny
Fjord, Canada [8].

Flow cytometry is useful in determining the pollutant-induced
genetic damage in marine invertebrate populations. Flow cytomet-
ric analysis was successfully used in studies of DNA alterations in
different organs of the marine mussel Mytzlus galloprovincialis [9].
Mussels of the genus Mytilus are among the most common of the
marine molluscs, constituting an important element of both the
ecology of coastal waters and the economy as food and fouling
organisms. They accumulate various contaminants from the sur-
rounding water and serve as sensitive bioindicators of coastal water
quality. Because hemolymph and gills of marine mussels respond
first to genotoxic agents, they are used for the monitoring of envi-
ronmental conditions. Cell cycle alterations in the hemolymph
DNA were reported for mussels collected at sampling sites that
were under the influence of anthropogenic loads [10] and in mus-
sels treated in vivo with the herbicide 2,4-dichlorophenoxy acetic
acid [11]. Induction of internucleosomal DNA fragmentation, i.c.,
apoptosis, was detected in gill tissue from mussels treated with tri-
n-buthyltin chloride [12].Thus, the flow cytometric analysis of
DNA content in marine mussels can be used as a pollution test in
the ecosystem survival studies of polluted areas.

This chapter describes the flow cytometric procedure for the
rapid assessment of genotoxicity via detection of DNA content and
cell cycle alterations. The sample preparation is shortened and does
not require the hemocyte isolation step. The described protocol
simplifies the analysis of genotoxic effects in marine environments
and is suitable for monitoring studies. It uses mussel Mytilus gallo-
provincialis hemolymph and gills cells in the analysis and can be
adapted to investigations on a broad range of marine invertebrates.

The step-by-step description includes the instrument setup
and standardization, sample preparation, DNA content measure-
ment, data analysis, and reporting. We also provide several exam-
ples of altered DNA content histograms obtained by flow
cytometric analysis. The described protocol requires up to 5 min
for the acquisition of 10*-10° cells (one sample) and allows analysis
of more than 50 samples per day. The procedure gives information
about several cell cycle alterations in the analyzed samples.
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2 Materials

. Standards: trout and chicken erythrocyte nuclei as indicators of

DNA ploidy (commercially available).

. 4’ 6-diamidino-2-phenylindole dihydrochloride (DAPI) stain-

ing solution for nonfixed cells (Partec GmbH, Germany).

. Flow Cytometer (Partec PAS II or Partec PAS III that we used,

or other available models).

. Hemolymph probe (see Note 1): add 100 pL of hemolymph

(1-2 x 10° hemocytes per mL of hemolymph) to the 1 mL
DAPI staining solution containing 10% of dimethyl sulfoxide
(DMSO) and analyze immediately.

. Gills probe: 1 mg of gills (about 1 x 10° cells) gently resuspend

in DAPI staining solution; filter through 30 pm filter and ana-
lyze immediately.

3 Method

3.1 Instrument Setup

3.2 Standardization

Instrument setup varies with manufacturer. However, there are
some general principles to observe.

1.

Select the LIN channel that is most appropriate for the DNA
probe.

2. Set the trigger on the channel detecting the DNA probe.

. Select parameters to enable doublet discrimination (see Note 2).

. Set a gate to exclude doublets and apply it to the histogram

that will display the DNA profile.

. Make sure the sheath tank is full, as it may help with stability.

6. Make sure the cytometer is clean. Stream disruption will

increase the CV (see Note 3).

. Set a low flow rate and dilute cells to a concentration that is

appropriate for the DNA probe solution.

. Make sure the instrument has been optimized by running rou-

tine calibration particles.

. Check the performance of the instrument on a daily basis using

commercially available fluorescent beads of known CV or DNA
standards (see Note 4). Any perturbation of the sample stream
in the cytometer will increase the CV and for this reason the
concentration of cells or nuclei should be kept high (between
5 x 10%and 2 x 10°/mL) and the flow rate low.

. Check that there is not a partial blockage of the flow cell.

Report the CV of the main GG, peak. Generally, less than 3 is
good; greater than 8 is poor.



3.3 Sample
Preparation

3.4 DNA Content
Measurement

3.5 Data Analysis
and Reporting

1.
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. Take the hemolymph from the adductor muscle of the mussel

(see Note 5) and prepare the hemolymph probe (see Note 6).

. Dissect the gills from the mussel and prepare the gills probe.

. Analyze the hemolymph or gill probe with the flow cytometer:

flow rate 200-400 cells/s, excitation of 100 W mercury lamp,
emission 455 nm for the DAPI signal or excitation with UV
laser at 359 nm, and emission at 461 nm. Analyze 2 x 10*
hemocytes or gill cells from each sample. First, make the acqui-
sition of the control sample (stained hemolymph or gills of
untreated healthy specimen) and then of the investigated
sample.

. Repeat measurements in triplicates and rerun after adding 10

pL of mussel sperm internal standard (see Note 7) in order to
calculate the DNA index (DI). DI is generally defined as the
ratio between the DNA content of a tumor cell and that of a
normal diploid cell. In the mussel protocol the DI value is cal-
culated as the ratio between the position of the diploid peak of
the investigated cells and that of the mussel sperm DNA (inter-
nal standard), as discussed in Subheading 3.5. Data analysis
and reporting.

. Finally, rerun control samples after each individual series (see

Note 8). Variability due to differences in sample prepara-
tions, staining procedures, condition of the mercury lamp,
and adjustments of the flow cytometer optical system should
be fairly constant (small samples CV standard deviation)
(see Note 9).

Calculate the DI value as the ratio between the position of the
G/ G, peak of the affected cell line or tissue and that of normal
diploid cells (control), in which case it should be 1 + 0.05 [2].

The flow cytometer provides a histogram of the DNA
content distribution across a cell cycle. Altered DNA con-
tent distribution is immediately observable from the histo-
gram. Furthermore, CVs as well as the percentage of cells in
cach phase of the cell cycle are already provided by the
instrument’s software package, while the DI value should be
calculated. To analyze if the CV reflects the affected cells
compare only CVs of normal and symmetrical DNA content
histograms (Table 1).

. In the case of mussels calculate the DI value as the ratio

between the position of the diploid peak of the investigated
cells and that of the mussel sperm DNA (internal standard)
(see Notes 10 and 11).
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Table 1
Coefficient of variations for G,/G, peak of mussel hemolymph

Confidence
Mussels N cv interval
Maricultured 30 4.59 4.22-477
Injected with DMSO as a vehicle 15 4.85 4.63-5.07
for different contaminants
Collected along Adriatic coast 20 5.11 4.95-5.28
Collected at site under the 10 6.87 6.04-7.42

anthropogenic load

4 Notes

1. It is not necessary to isolate and use a particular hemocyte type

from mussel hemolymph since hemolymph cell kinetics is uni-
form although it contains different hemocytes. The reason is
low DNA content variation in different hemocyte types, not
detectable by flow cytometry.

. Two nuclei or cells in G, of the cell cycle stuck together will

have the same DNA content as a single cell in G, and the two
should be distinguished if the DNA histogram is to reflect
accurately the state of the cell cycle. Doublets will give a wider
signal than single cells while cells in G2/M will give a higher
peak signal compared to two clumped cells in G1 (doublet)
but a narrower width. Some instruments are designed to dis-
play width against area; other models display peak height
against area.

. The CV as a measure of instrument precision and the peak

channel number for a standard set of conditions (laser power,
photomultiplier voltage, and gain) should be recorded.
Predetermined limit for CV is 2% for calibration particles or
stained nuclei since DNA content is so precisely regulated so as
to vary by less than 2% from cell to cell in homogeneous, non-
dividing populations. Restore the instrument’s performance if
these fall outside the predetermined limit.

. Perform the standardization of the instrument and the acquisi-

tion of a control sample to distinguish between effects of the
instrument setup and effects of genotoxins in the examined
cells. During the standardization the following criteria for
mussel tissues must be achieved:

e Acquisition of at least 20,000 nuclei.
e Low flow rate (100-200 cells/s) for narrow CV.
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*  Gy/G peak on a suitable scale in a known channel.
e CVofthe Gy/G; peak 5 = 0.5%.
e S phase containing at least 200 cells.
e Data containing less than 3% debris.
e Gy/GI to G2 M ratio between 1.95 and 2.05.
If the above is achieved for control mussel tissues any
change in the DNA content histogram, increase in CV, or

change of DI value of the analyzed sample could be attributed
to the alteration of the cycle caused by genotoxins.

. Open the mussel valves carefully and just enough to insert the

needle of a syringe without damaging the adductor muscle.
Slightly insert the needle into the adductor muscle and with-
draw 100 pL of hemolymph. It is possible to withdraw up to
600 pL of hemolymph from a mussel 4-5 c¢cm in length. Be
careful not to tear the adductor during the process. If neces-
sary, check the hemolymph content for the presence of hemo-
cytes using a microscope.

. Prepare the hemolymph probe immediately at the site of mus-

sel collection and freeze it in liquid nitrogen for transportation
to the laboratory. Store at —80 °C up to 1 year.

7. As instrument calibration standard use commercially available

10.

11.

trout erythrocytes. As an internal fluorescence standard use
freshly isolated and fixed mussel sperm, obtained as described
in [13]. Briefly, the mussel sperm is resuspended in a buffer-
fluorochrome solution. The latter is prepared by adding 10%
DMSO to combined solutions A (4 parts) and B (1 part), just
prior to use. Solution A: 0.85% w/v NaCl, 0.1 M Tris, 1 mM
CaCl,, 0.5 mM MgCl,, 0.2% w/v bovine serum albumin,
adjusted to pH 8.0; Solution B: 106 mM MgCl,, 0.6% w/v
Triton X-100, 50 pg/mL DAPI. Samples should be kept fro-
zen at —70 °C until use.

. Rerunning the control sample is a necessary step in order to

rinse and check the performance of the instrument between
sequentially analyzed samples.

. CVs strongly depend on the type of flow cytometer used for

measurements, ¢.g., for healthy mussel hemolymph the CV of
the diploid peak calculated by the software package has been
3.5+0.5(n=060)and 4.5 + 0.5 (» = 57) for two instrument
types we tested (Partec PAS II and Partec PAS III),
respectively.

For normal, healthy mussel specimens, DI calculated relative
to mussel sperm is 1.8-2.0.

Examples of altered DNA content histograms obtained by flow
cytometric analysis are shown in Figs. 2 and 3. These demon-
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Fig. 2 DNA content histogram of apoptotic mussel hemolymph cells
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Fig. 3 DNA content histogram of aneuploid mussel hemolymph cells

strate two examples of altered DNA profiles obtained for
hemolymph of several mussels collected along the Adriatic
coast: apoptotic DNA content histogram (Fig. 2) and DNA
content histogram that reveal aneuploidy (Fig. 3). Apoptosis is
characterized by (1) An asymmetrical G,/G; peak, (2) A
decrease of the G,/M peak concomitant with the appearance
of cells characterized by low DNA content, i.e., below that of
the Gy /G, peak (so-called apoptotic peak) and (3) Increase in
the number of dead cells appearing as debris at the far left side
of the DNA content distribution. DNA content distribution
describing aneuploidy shows an additional peak on the left side
of the diploid peak arising from chromosome loss [14].
Anecuploidy is also specified by the decrease in DI values [15].
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For mussel hemolymph, aneuploidy with only hypodiploid
DNA content, DI lower than 0.9 was detected in 30.8% of the
146 investigated mussels collected along the Adriatic coast [9].
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Chapter 3

Ultrasound Imaging of DNA-Damage Effects in Live
Cultured Cells and in Brain Tissue

Hadi Tadayyon, Mehrdad J. Gangeh, Roxana Vlad, Michael C. Kolios,
and Gregory J. Czarnota

Abstract

High-frequency ultrasound (>20 MHz) spectroscopy can be used to detect noninvasively DNA damage in
cell samples in vitro, and in live tissue both ex vivo and in vivo. This chapter focuses on the former two
aspects. Experimental evidence suggests that morphological changes that occur in cells undergoing apop-
tosis result in changes in frequency-dependent ultrasound backscatter. With advances in research, ultra-
sound spectroscopy is advancing the boundaries of fast, label-free, noninvasive DNA damage detection
technology with potential use in personalized medicine and early therapy response monitoring. Depending
on the desired resolution, parametric ultrasound images can be computed and displayed within minutes to
hours after ultrasound examination for cell death.

Key words Cell death, Ultrasound, Cancer response imaging, Quantitative ultrasound

1 Introduction

1.1 Quantitative This chapter describes a novel ultrasound-based method of cell
Ultrasound death detection in live cultured cells and excised tissue. The method
Spectroscopic is sensitive to many forms of cell death—key among these is apop-
Detection of DNA totic cell death. Multicellular organisms regulate the number of
Damage cells through mitosis and apoptosis. Apoptosis is a form of pro-

grammed cell death (suicide) which naturally occurs when a cell is
not needed. Cancers can arise from a disruption in the regulation
of apoptosis, resulting in uncontrolled cell growth. Apoptosis is a
specialized form of cell death that is genetically controlled with
unique morphological features at a cellular level. The process is
initiated by chromatin aggregation forming a pyknotic nucleus
that breaks down into small fragments. Through analysis of the
frequency-dependent ultrasound backscatter signal, one can detect
characteristic morphologically linked changes associated with
apoptosis and mitotic arrest, both of which ultimately lead to cell
death. High-frequency quantitative ultrasound studies (ultrasound
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1.2 Background

1.2.1

Ultrasound Imaging

operating at center frequencies above 20 MHz) have demonstrated
large increases in the ultrasound backscatter intensity (6-12 dB)
coincident with cell death, in both cell aggregates [1-3] and pre-
clinical experiments [4-6]. Extensive research carried out over two
decades has demonstrated in vitro, ex vivo, and in vivo (preclinical
and clinical studies) that cell death can be detected within 24 h of
anticancer treatment administration including photodynamic ther-
apy, radiotherapy, chemotherapy, and anti-vascular therapy [5-8].
Due to the involvement of more preparation steps (i.e., centrifuga-
tion) for cell cultures, cell death detection is more time consuming
when compared to live tissues ex vivo and in vivo. Nevertheless,
depending on the desired resolution and computing hardware
available, a parametric ultrasound image mapping the cell death
extent in a tissue image can be obtained now within 5 min (based
on a 20 MHz ultrasound center frequency, 0.1 mm image resolu-
tion, ~5 x 5 mm region of interest, and using an Intel Core i7
processor). Increasing the resolution to as high as 0.03 mm could
result in an approximate quadruple increase in computation time.
Whereas current ultrasound data collection and analysis technol-
ogy has not been computationally optimized, considerable compu-
tational performance improvements can be achieved by utilizing
graphics processing units of the computing hardware and parallel-
izing any matrix-based computations. This chapter will describe
methods and protocols for detecting ultrasonically DNA damage
in vitro in cell samples, and ex vivo in rat brains.

Sound is an indispensable mode of communication which is used
in our daily lives. It is essentially a pressure wave produced by a
mechanical vibration. In humans, the vibration is created by the
vocal cords in the larynx and in stereo speakers, by an oscillating
electromagnet. Ultrasound refers to sound with frequencies above
the upper audible limit of human hearing, which is 20 kHz. An
ultrasound image is generated by spatially mapping the amplitude
of the backscattered (reflection) pressure from different tissue
interfaces as sound propagates through the tissue. The strength of
the reflected signal and its frequency content depend on the prop-
erties of these structures (e.g., size, density and compressibility).
Thus, ultrasound is sensitive to the biomechanical properties of
tissues which often change with disease and cell death processes.
Ultrasound is commonly used clinically in screening, diagno-
sis, and image-guided procedures, due to its relatively low cost,
short imaging time, good image resolution, ionizing radiation-free
nature, and intrinsic tumor contrast which does not require
injection of any contrast agents. Brightness mode (B-mode) imag-
ing, which provides grayscale intensity images generated by reflec-
tions from different tissues and their interfaces, is the standard
mode of ultrasound imaging used by sonographers and radiolo-
gists for biomedical diagnosis and screening. Diagnostic ultrasound



1.2.2  Quantitative
Ultrasound Spectroscopic
Detection of Cell Death
Based on Scattering
Properties

Ultrasound Imaging of Apoptosis In Vitro and Ex Vivo 25

imaging is commonly performed using ultrasound frequencies in
the range of 1-10 MHz, with applications in breast, prostate, liver,
and echocardiography. These frequencies can ensure the visualiza-
tion of deep body structures of interest with a reasonable resolu-
tion (approximately 0.15-1.5 mm). Within the range of frequencies
of 10-60 MHz, high-frequency ultrasound ofters a high spatial
resolution up to 25 pm and can enable longitudinal studies in mice
with applications in developmental biology and cardiovascular dis-
ease [9-11], tumor growth [12, 13], angiogenesis, and assessing
anti-angiogenic drug effects [14]. A caveat to B-mode imaging is
the fact that the frequency-dependent information from tissue
echo signals is lost during conversion of the raw ultrasound back-
scatter radiofrequency (RF) signal to B-mode images. Ultrasound
spectrum analysis is an ultrasound signal analysis technique applied
to the raw RF ultrasound data to extract parameters that can char-
acterize various tissue abnormalities such as those of the prostate,
lymph nodes, eye, as well as the myocardium [15-18].

Experimentally, ultrasound imaging and spectrum analysis
techniques have been applied by our group [1, 4, 5, 19] to detect
cell death in cell samples and tissues exposed to cancer therapies.
Specifically, within the frequency range of 10-60 MHz, ultrasound
imaging and tissue characterization techniques have been used to
detect cell death, in vitro with cell samples exposed to the chemo-
therapeutic drug cisplatinum [1] ex vivo [1, 20] and in vivo using
tumor mouse models exposed to cancer therapies [5-7].

The resolution of ultrasound imaging, even at the frequencies
of 10-60 MHz is not as great as the resolution offered by optical
microscopy. However, ultrasound confers the advantage of a rela-
tively low attenuation, permitting deeper penetration of ultrasound
waves into the tissue (i.e., 1-5 cm deep compared to micron-range
depths obtained using optical microscopy). Rather than resolving
individual structures (e.g., cells and nuclei) the spectral parameters
computed from the analysis of ultrasound signals provide informa-
tion about the statistical properties of tissue structure at the scale
of'a cell. In the next section, a brief description of ultrasound spec-
trum analysis methods to characterize cellular death in cell samples
and biological tissues is presented.

In quantitative ultrasound spectroscopy (QUS), frequency-domain
analysis is performed on the raw ultrasound backscatter signal,
referred to as the RF signal, in order to extract information about
tissue microstructure otherwise not resolvable by conventional
gray-scale (B-mode) images. The most basic QUS parameters that
can be extracted from RF data are spectral slope (SS), spectral
intercept (SI), and mid-band fit (MBF). These parameters have
been used as a means to differentiate pathological tissue, mainly
cancer, from normal tissue in sites such as the prostate, lymph
node, eye, and myocardium [ 15-18] and later used to characterize
the response of a cancerous tissue to cancer therapy [5, 6, 21].
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In an initial study using high-frequency (40 MHz) ultrasound,
where acute myeloid leukemia cells were treated with cisplatinum
(a chemotherapeutic agent), a 25-to-50 fold increase in the US
backscatter intensity was observed in apoptotic cells compared to
viable cells. This observation led to the hypothesis that the cell
nucleus is the source of ultrasound scattering, and that it is the
morphological changes occurring in the nucleus during apoptosis
that causes such ultrasound backscatter changes. This hypothesis
was investigated by Taggart et al. [22], where they demonstrated
experimentally that cells with larger nuclear diameters express
higher integrated backscatter coefficients. Ultrasound signal
changes coincident with cell death were later quantified by QUS
parameters including MBF and SS, both of which demonstrated an
increase as a result of cell death [21]. This observation was experi-
mentally determined to be related to the nuclear condensation and
fragmentation that occur during apoptosis. The same pattern of
changes observed in vitro was observed in animal cancer models
in vivo, resulting from photodynamic therapy [5], or radiation
therapy [6] of mouse tumor xenografts. Furthermore, QUS param-
eters overlaid on standard ultrasound images provide a delineation
of areas of positive response to cancer therapy, as previous studies
have shown a good spatial correlation between high-intensity areas
in QUS images of integrated backscatter (IBS; backscatter signal
integrated over frequency, similar to MBF) and positive stain areas
in terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) stained histology images [6].

More recently, QUS parameters such as MBF and SI have dem-
onstrated utility in differentiating therapy responding breast cancer
patients from nonresponding ones during neoadjuvant chemother-
apy [23]. Alternatively, broader frequency bandwidths permit esti-
mation of advanced QUS parameters such as average scatterer
diameter (ASD) and average acoustic concentration (AAC), which
are derived by fitting a scattering model to the RF data [24]. These
parameters have been demonstrated to be effective in differentiat-
ing mouse carcinomas from rat fibroadenomas [25], low grade
breast tumors from medium to high-grade ones [26], and chemo-
therapy responsive breast tumors from nonresponsive ones within 4
weeks of a several-month-long treatment [27].

2 Materials

2.1 Ultrasound
Imaging System

A VisualSonics VS40B high-frequency ultrasound device (Visual
Sonics Inc., Toronto, Ontario, Canada) was used to collect ultra-
sound images and radio-frequency data from cell samples and rat
brain tissue ex vivo, as shown in Fig. la. We used such instruments
configured with single element transducers and a “digital REF”
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- Teflon rings

Fig. 1 (a) The Vevo 770 high-resolution micro-imaging system for real-time small animal imaging. Similarly to
its VS40B predecessor, the VEVO 770 can be used to visualize and quantify small animal anatomical, hemody-
namic and therapeutic targets, and intervention effects with resolution of up to ~30 pm. Using these instru-
ments, the region of therapeutic intervention can be monitored in the same animal over time (i.e., before,
during, and after therapy). The Vevo 770 has an automated 3D acquisition capability. (b) Photograph of the
sample holder. The cell sample holder is made of stainless steel and has two parts: a flat bottom very finely
polished to have the surface roughness much smaller than the ultrasound wavelength and a stainless-steel
disk with three cylindrical holes cut through it, each 8 mm x 7 mm (diameter x height). The flat bottom is
attached with screws to the stainless-steel disk and the bottoms of the wells are cushioned with Teflon rings.
These Teflon rings ensure that the content of the wells is not spilled between compartments during the sample
centrifugation. Two samples can thus be prepared once by simultaneous centrifugation of each in a sample
well. The other well left empty serves as calibration reference. This figure is reprinted with permission from:
DNA Damage Detection In Situ, Ex Vivo and In Vivo: Methods and Protocols edited by Viadimir V. Didenko
(Methods in molecular biology; 682), 2011 [34]

module capable of acquiring, digitizing, and exporting raw radio-
frequency data for spectral analysis. The transducer choice depends
on system capabilities, application, and the specimen to be imaged.
For most of the applications described here one can use two or
three transducers to image a single specimen in order to cover a
larger range of frequencies.
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2.2 DNA Damage

2.2.1  Apoptosis In Vitro

2.2.2 Apoptosis Ex Vivo

2.2.3 Other Modalities
of Cell Death, Mitotic
Arrest/Catastrophe

2.3 Flow Cytometry

2.4 Analysis
of Ultrasound
Backscatter Signals

The model systems described in this chapter are:

1.

Acute myeloid leukemia cells (AML-5) in which apoptosis is
induced by treating cells with the chemotherapeutic drug cis-
platinum [1].

. Hep-2 (epidermoid carcinoma of the larynx) cells in which

mitotic arrest/catastrophe is induced by treating cells with
radiotherapy [28].

. Rat brain in which apoptosis is induced by treatment with pho-

todynamic therapy [1].

. AML-5 cells: (Ontario Cancer Institute, 610 University

Avenue, Toronto, ON, Canada M5G 2M9).

. Cisplatinum: the stock solution at a concentration of 1 mg/

mL should be stored in the dark.

. Growth media: 150 mL alpha minimum essential media sup-

plemented with antibiotics (100 mg/L penicillin and
100 mg/L streptomycin) and 5% fetal bovine serum.

. Flat-bottom cryo-tubes (1 mL) or a custom-designed sample

cell holder.

. Male Fischer rats.
. Photofrin II (QLT, Canada).

. Laser (632 nm) with an optical power irradiance of

100 mW /cm?.

. For anesthesia purposes: 100 mg/kg Ketamine, 5 mg/kg

Xylazine, and 1 mg/kg Acepromazine in saline.

These three drugs are under the regulations of the
Controlled Drugs and Substances Act.

. Hep-2 cell culture (ATCCmerican Type Culture Collection,

Manassas, USA).

. Growth medium: 150 mL alpha-minimum essential media

supplemented with antibiotics (0.1% gentamicin) and 10%
fetal bovine serum.

. Trypsin (1x Trypsin—EDTA solution).

. Fluorescent activated cell sorting Caliber (BD Biosciences,

Mississauga, Ontario, Canada) employing FL-2A and FL-2W
channels.

We use a custom-made MATLAB program for ultrasound spectral
analysis. The analysis requires two sets of data: sample RF data (raw
ultrasound data capture of tissue) and reference RF data. The TEP
previously described was used as reference RF data in both animal
and human imaging studies. Details about ultrasound signal analy-
sis are provided in Subheading 3.2.
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3 Methods

3.1 Apoptosis
In Vitro

DNA damage (leading to apoptosis, mitotic arrest, or mitotic
catastrophe) was induced by exposing cell samples, rat brains, and
tumor xenografts to different anticancer therapies. Users are free
to use other materials and reagents to induce apoptosis and mitotic
arrest/catastrophe. For example, in some of our previous experi-
ments, AML cells were treated with colchicine that arrests cells in
mitosis [4, 29] and Hep-2 cells were exposed to camptothecin that
induces mainly apoptosis in this cell line [28].

For in vitro imaging of cell samples an adequate number of
cells is required to provide a sample of packed cells of at least
150 mm? in volume. Potentially, any cell line may be used. To date,
we have worked with leukemia, melanoma, breast, cervix, prostate
and head and neck cancer cell cultures. Cell lines that do not grow
in liquid suspension culture, once confluent, need to be trypsin-
ized in order to free the cells from the growth surface of the flask.
In the experiments described in this chapter, we have used AML
and Hep-2 cell lines to demonstrate apoptosis and mitotic arrest/
catastrophe. These protocols can be adapted for other cell culture
systems. For any experimental time or condition, experiments are
typically completed in triplicate.

1. AML cells obtained from frozen stock samples are cultured in
a humidified atmosphere containing 5% CO, at 37 °C using
the growth medium described in Subheading 2.2.1.

2. To induce apoptosis, AML-5 cells are exposed to cisplatinum
dissolved in the growth medium at a concentration of 10 pg/mL
for 0, 6, 12, 24, and 48 h. This drug is a DNA intercalater that
causes a p53-dependent apoptosis in this cell line [ 30]. To con-
firm and quantify the presence of apoptosis we use different
methods: examination of cell cultured using phase-contrast
microscopy, examination of hematoxylin and eosin stained
samples or cell cycle analysis using flow-cytometry.

3. Viable and treated cells are washed in phosphate-buffered
saline and subsequently centrifuged in three steps at 800 x g,
1500 x g, and 1900 x 4. After each centrifugation the cell cul-
ture media is aspirated and cells are washed in phosphate-buft-
ered saline. The last centrifugation takes place in the cryo-tubes
or in a custom sample holder (Fig. 1b) resulting in a small solid
sample of packed cells that emulates a segment of tissue.

4. The sample holder or the cryo-tube is immersed in phosphate-
buffered saline which acts as a coupling medium through
which ultrasonic waves propagate. Each of the wells or tubes
containing the viable and treated cells is imaged with high-
frequency ultrasound.

Representative results are presented in Figs. 3 and 4 and
are discussed in Notes 1-6.
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3.2 Other Forms
of Gell Death

3.3 Apoptosis
Ex Vivo

1.

Hep-2 cells obtained from a frozen stack are cultured in a
humidified atmosphere containing 5% CO, at 37 °C using the
growth medium described in Subheading 2.2.3.

. The flasks containing the cell samples are irradiated with 8 Gy

radiation dose using a Faxitron Cabinet X-ray System.

. Structural changes that are characteristic of apoptotic and

mitotic response (i.e., increase in cellular and nuclear size,
membrane ruffling, cytoplasmic vacuolization, nuclear frag-
mentation and condensation and formation of apoptotic and
mitotic bodies) are used as an indication of response to radio-
therapy. These structural changes are observed in the Hep-2
cell line typically 48 h after exposure to radiotherapy.

. Viable and control cell samples are harvested by trypsinization

and centrifuged at 800 x g. To prepare the cells for high-
frequency imaging, cells are subsequently centrifuged and
washed in phosphate-buftered saline as described at Subheading
3.1 from steps 3 to 5.

Representative results are presented in Fig. 5 and discussed
in Notes 7 and 8.

. Male Fischer rats are treated with 12.5 mg/kg of Photofrin 11

injected intraperitoneally and kept in the dark for 24 h prior to
drug activation.

. The animals are anesthetized using ketamine injected intraper-

itoneally using a dose of 2—4 mg/kg.

. A 5.5 mm craniotomy is performed in each side of the rat’s

skull with a mechanical surgical drill, taking care to avoid sig-
nificant mechanical stress to the underlying cortex.

. The exposed brain is treated for 30 s using a red laser light with

a wavelength of 632 nm and a spot size of 3 mm in diameter.
This spot size allows simultaneous visualization of the treated
region next to an untreated region in the 4 mm field of view of
the high-frequency ultrasound scanner.

. Several treatment irradiance powers of 1, 3, 5, and 17 J/cm?

are used. In order to minimize cerebral swelling post-therapy,
the irradiance power of 3 J/cm? was selected for further
study. The optical irradiance power at the dural surface is
100 mW /cm?.

. To study the treatment effects at different time points the ani-

mals are sacrificed at 1.5, 3, and 24 h after the application of
photodynamic therapy.

Representative results are presented in Fig. 6 and are dis-
cussed in Notes 9 and 10.
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. All cell samples and live tissues were imaged at room tempera-

ture immersed in phosphate-buffered saline (PBS).

. For ultrasound data collection in vitro and ex vivo, we used

Visual Sonics VS40B high-frequency ultrasound device
equipped with a 20 MHz focused transducer (20 mm focal
length, 8 mm aperture diameter, —6 dB bandwidth of 11-28
MHz) and a 40 MHz focused transducer (9 mm focal length,
6 mm aperture diameter, —6 dB bandwidth of 25-55 MHz)
for in vitro and ex vivo imaging, respectively.

. Radio-frequency data are typically collected from five different

scan planes from cell samples and from five to ten different
scan planes when using larger samples such as rat brain tissue.
Each plane contains 1540 8-bit radio-frequency lines sampled
at 500 MHz and separated by a distance equal to the beam-
width of the transducer used in the respective application.

. The region of interest (ROI) chosen to calculate the average

ultrasound parameters is 4-6 mm wide and 1 mm in height
centered at the transducer focus. These regions of interest are
selected where the images appear to be homogeneous with no
interfaces or large echoes.

. Each ROI is multiplied by a Hamming window in order to

suppress spectral side lobes, or in other words, suppress the
nonrelevant frequency components. Subsequently, a Fourier
transform is computed in order to obtain the power spectrum.
Next, the system-dependency is removed by normalizing the
sample power spectrum to the power spectrum of a flat quartz
RF signal under the same imaging conditions. Linear regres-
sion analysis is then applied to the normalized backscatter
power spectra in order to compute the spectral parameters as
presented in Fig. 2b. The ultrasound integrated backscatter is
similar to the mid-band fit described by the spectrum analysis
framework developed by Lizzi et al. [31, 32] and is determined
by the effective scatterer size, concentration, and difference in
acoustic impedance between the scatterers and surrounding
medium. The spectral slope can be related to the effective scat-
terer size [32] (i.e., an increase in the spectral slope corre-
sponds to a decrease in the average scatterer size) and spectral
intercept depends on effective scatterer size, concentration,
and relative acoustic impedance (Fig. 2). Further details on the
theoretical and signal analysis considerations and how spectral
parameters are related to tissue microstructure can be found
elsewhere [31, 32].

6. A discussion on ultrasound imaging of cell death and future

developments is provided in Notes 11 and 12.
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Fig. 2 (a) This panel describes the acquisition of radiofrequency data. The upper panel represents a selection
from an ultrasound image with the scanning radio-frequency lines (pre-image data) detected by the ultrasound
transducer; the middle panel represents the radio frequency signal with the outline of the signal (envelope)
corresponding to one of the scan lines. In order to create the ultrasound images typically displayed by the
conventional ultrasound machines, these raw radio-frequency data undergo different signal processing steps,
e.g., envelope detection. The bottom panel represents the power spectrum corresponding to the same scan
line from the upper panel. (b) This panel describes the method of ultrasound spectrum analysis. The upper
panel represents the calibration spectrum that is a power spectrum measured from a flat quartz immersed in
water and placed at the transducer focus. The normalized power spectrum (lower panel) is calculated by divid-
ing the power spectrum calculated from a region of interest by the calibration spectrum. Linear regression
analysis is then applied to the resulting spectrum. The spectral slope (dB/MHz) and the spectral intercept (dB)
are the slope and the intercept of this line, respectively. The ultrasound-integrated backscatter (dB) is calcu-
lated by integrating the normalized power spectrum over the transducer’s —6 dB bandwidth. This is typically
similar to the mid-band fit that is the value of the regression line calculated at a frequency corresponding to
the middle of the bandwidth. This figure is reprinted with permission from: DNA Damage Detection In Situ,
Ex Vivo and In Vivo: Methods and Protocols edited by Vladimir V. Didenko (Methods in molecular biology; 682),
2011 [34]
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Cell-Cycle Analysis

3.5.2 Cytology
and Histology Analysis
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1. Cells are harvested, washed twice in fluorescent activated cell

sorting buffer (phosphate-buftered saline/0.5% bovine serum
albumin), resuspended in 1 mL of FACS bufter and fixed for
1 h on ice in 3 mL of ice-cold 70% ethanol. Cells are then
washed once before resuspending them in 500 pL of fluores-
cent activated cell sorting bufter supplemented with 40 pg/mlL
RNAse A and 50 pg/mL propidium iodine. Cells are then incu-
bated at room temperature for 30 min in the dark before being
analyzed using a flow cytometer (described in Subheading 2.3).

. The results are represented as percent number of cells found in

different phases of the cell cycle. This classification is depen-
dent on DNA content and helps to identify the forms of cell
death following each of the applied therapies (Figs. 4 and 5¢).

. Cell samples, rat brains, and tumor xenografts are fixed in 10%

neutral-buffered formalin and embedded in paraffin.

. ATUNEL assay is used to histologically detect apoptosis in the

rat brain treated with photodynamic therapy. In this type of
stain, the free DNA ends resulted from chromatin fragmenta-
tion in apoptotic nuclei are labeled with a green fluorescent
stain and cytoplasm is marked red with a propidium iodide
counterstain (Fig. 6)

4 Notes

Ultrasound images of apoptotic samples, corresponding histology
and measurements of DNA content are presented in Figs. 3 and 4.

1. In order to minimize the work required for cell culture and

preparation of the experiments, cells that grow in liquid sus-
pension and have a short doubling time are preferred to adher-
ent cells. For example, four to six flasks of adherent cells
(175 cm?—the area of one flask with 75% cell confluence) are
needed to provide a suitable volume of cellular material for a
cell sample. We have preferred AML cells for our proof-of-
principle experiments, because they grow in suspension, have a
relative short doubling time of 12 h, and do not need trypsin-
ization. Furthermore, they are a good experimental model for
apoptosis studies because the cells have a round regular shape
with a large nucleus (~8.5 pm vs. cellular size ~10 pm). This
makes it relatively easy to follow nuclear morphological changes
under light microscopy.

2. AML cells kept a long time in cell culture (>4 weeks) may

change their phenotype due to genetic instability and increase
in size. This can affect their response to cytotoxic agents (e.g.,
cisplatin) and affect their ultrasound spectra.
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Fig. 3 Ultrasound imaging of apoptosis, in vitro, and corresponding histology. Top panels from left to right
represent ultrasound images corresponding to cell samples treated with cisplatinum for 0, 6, 12, 24, and 48 h.
The ultrasound images indicate a progressive increase in ultrasound backscatter, observed as an increase in
the brightness of the cell samples exposed to chemotherapy. The speckle pattern (the bright and dark dots)
does not correspond to individual cells. This speckle results from the constructive and destructive interference
of multiple small waves reflected by tissue scattering structures. The color-bar at the bottom right of the figure
corresponds to pixel values ranging from 0 (black) to 256 (white). Bottom panels show representative images
of hematoxylin and eosin-stained histology corresponding to each ultrasound image. The treated samples
demonstrate the typical characteristics of apoptosis, nuclear condensation, and fragmentation that become
more prominent with longer time exposure to the drug. The field of view in each hematoxylin and eosin image
is approximately 50 pm. This figure is reprinted with permission from: In situ detection of DNA damage: meth-
ods and protocols edited by Vladimir V. Didenko (Methods in molecular biology; 203), 2002 [35]

3. Cells need to be carefully washed with phosphate-buftered
saline and cell culture medium has to be removed before ultra-
sound imaging. Cell culture media has tensioactive properties
(tends to form bubbles) that can result in significant artifacts
when imaging with ultrasound.

4. The volume of a cell sample has to be reduced from 600 mL
(four flasks of AML cells) to ~0.45-1.00 mL (the volume of a
well in the custom sample holder or cryo-tube) during the
three steps of cell centrifugation. At this stage the cell material
is very viscous and can be difficult to pipette. The last centrifu-
gation should result in a 0.10-0.20 mL solid cell sample. The
recommended height of a sample is at least ~3 mm to facilitate
artifact-free ultrasound data collection. However, the height of
the sample depends on the transducer specifications and needs
to be optimized accordingly.
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Fig. 4 Cell cycle analysis corresponding to AML cells treated with cisplatin for 0, 24, and 48 h. The sub-G1
fractions are identified as apoptotic cells because the nucleus becomes fragmented during apoptosis. The
sub-G1 peak can represent, in addition to apoptotic cells, mechanically damaged cells and cell fragments
resulting from advanced stages of cell death. The sub-G1 peak increased from 0.6% in viable AML cell sam-
ples to 30.8 and 42.4% after 24 and 48 h, respectively, exposure to cisplatin. The G1 peak represents pheno-
typic normal cells and the G2/M peak is identified as cells in mitosis and mitotic arrest. No significant changes
are observed in the G2/M peak with the treatment (10.7% at 0 h; 10.9% at 24 h, and 8.2% at 48 h). This figure
is reprinted with permission from: DNA Damage Detection In Situ, Ex Vivo and In Vivo: Methods and Protocols
edited by Viadimir V. Didenko (Methods in molecular biology; 682), 2011 [34]

5. To avoid trapping small bubbles at the surface of the cell sam-
ple the well or cryo-tube containing the cell sample has to be
gently overfilled with phosphate-buffered saline before placing
it into a larger volume of the same solution for ultrasound
imaging.

6. For imaging cell samples in vitro, we have designed a custom
sample holder (Fig. 1b). This optimizes the quantity and
geometry of cells available for an imaging session and allows
data collection in a certain manner for the calculation of other
ultrasounds parameters (e.g., speed of sound and attenuation
coefficient). For rigorous calculations of cell pellet properties,
this (or a similar) setup is required for the appropriate correc-
tions. An alternative technique is to prepare the samples in flat-
bottom cryo-tubes. However, these may be too tall (height of
the tube > transducer focal length) to access cell samples with
certain transducers and may have to be height adjusted.

Ultrasound images of mitotic arrest/catastrophe, corresponding
histology and cell cycle analysis are presented in Fig. 5.

7. To induce other forms of cell death we have used head and
neck cancer lines that die predominantly by mitotic arrest/
catastrophe after exposure to radiotherapy [3]. This modality
of cell death is characterized by enlarged cells and nuclei, in
contrast to nuclear condensation and fragmentation and



36 Hadi Tadayyon et al.

Hep-2 0 Gy Hep-2 8 Gy 48 hours

| T A
L)

.8 p
L0900, 00,00° @ o
Pos ™t Smiate o nlt O ”0'
¢ n\."!!?o.o’.;:‘t’g rl.n..

C 800 |
4 1
l .
] !| 300 \
600 - ]‘ 9209 polyploid 1 ‘ 35.84 polyploid
8 ] - ' 1.81 ] ' 11.00
E | = 200 - “ —
2 400 - ‘ Gy/M F————— | ' GyMb——————
z |
© ] G | ; 1 Gy | N
200_ | 00" I\ / I',
4 | 1 -/ I'.
N I \
J \ | P |
e s e —
200 400 600 800 1000 200 400 600 800 1000
DNA content

Fig. 5 Ultrasound imaging of mitotic arrest/catastrophe, in vitro, corresponding histology and cell cycle analy-
sis. (a) The ultrasound images indicate an increase in ultrasound backscatter of the cell sample treated with
radiotherapy. (b) The corresponding hematoxylin and eosin image demonstrate cells and nuclei with larger size
consistent with cell death by mitotic arrest (white arrow) and mitotic catastrophe (black arrow). The scale bar
represents 40 um. (c) The corresponding cell cycle analysis indicates an increase in the mitotic cell fraction
quantified by the G,/M fraction (22.1% at 0 Gy and 35.8% at 8 Gy) and a sixfold increase in the polyploid cell
fraction (1.8% at 0 Gy and 11.9% at 8 Gy) after radiotherapy. No sub-G; fractions are detectable. This figure is
reprinted with permission from: DNA Damage Detection In Situ, Ex Vivo and In Vivo: Methods and Protocols
edited by Viadimir V. Didenko, 2011 [34]
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Fig. 6 Ultrasound imaging of apoptosis, ex vivo, in response to photodynamic therapy. The left and central
panels are the ultrasound images corresponding to the control and treated tissue, respectively. The wedge-
shaped yellow area in the central panel presents an increase in the ultrasound backscatter corresponding to
the treated region. The color-bar at the bottom right of the figure corresponds to pixel values ranging from
0 (black) to 256 (white). The right panel presents fluorescence microscopy assay for apoptosis corresponding
to the ultrasound image from the central panel. The intact cells stain red with propidium iodide, whereas the
DNA-ends of fragmented DNA in apoptotic cells stain green with fluorescein dye. The wedge-shaped region
stained green in the histology corresponds to the wedge-shaped hyperechoic area in the ultrasound image of
the treated brain tissue. This figure is reprinted with permission from: In situ detection of DNA damage: meth-
ods and protocols edited by Viadimir V. Didenko (Methods in molecular biology; 203), 2002 [35]

cellular shrinking characteristic of apoptotic cell death. Minor
evidence of cell undergoing apoptosis is observed in the Hep-2
cell culture examined under light microscopy, but no signifi-
cant apoptotic fraction is measured by cytometry (Fig. 5).

8. The Hep-2 cell line has a cell cycle of up to 48 h and up to 50%
of the cells express mitotic arrest/catastrophe around this time
after treatment. Light microscopy images of cell culture do not
reveal significant amount of damage at earlier time points.
Based on these observations, we consider that 48 h is a good
time to observe a significant eftect in ultrasound backscatter
since keeping the treated cells longer than 2 days in the cell
culture would allow the surviving cells to further divide
decreasing the chance to effectively image early cell death.

9. Figure 6 illustrates the use of high-frequency ultrasound imag-
ing to detect apoptosis that occurred ex vivo in a rat model
treated with photodynamic therapy. Similar results have been
obtained in vivo on skin rat treated with photodynamic ther-
apy [1].

10. Any type of treatment able to induce apoptosis in tissue may
result in changes in ultrasound images and ultrasound param-
eters in the treated tissue compared with the same region
before treatment. However, it is recommended that the tissue
chosen for investigation to have a relative homogeneous struc-
ture because ultrasound backscatter is also sensitive to the
degree of randomness in scatterer arrangement. In preliminary
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11.

12.

experiments, we have measured no increase in ultrasound
backscatter from cell samples with large degree of randomness
in the positions of nuclei, although flow-cytometric measure-
ments indicated that a large majority of cells (>50%) under-
went death in these cell samples [33].

Although some of the changes in spectral parameters estimates
can be interpreted in terms of changes in nuclear size and
acoustic impedance, recent theoretical and experimental evi-
dence indicates that increases in nuclear randomization may, in
addition, influence significantly the magnitude of ultrasound
backscatter [33]. In these circumstances an understanding of
the relative contribution of each of these nuclear changes
(acoustic impendence versus randomization) to ultrasound
scattering is essential in order to accurately quantify cell death.
Ongoing studies in our laboratory aim to precisely and reliably
measure acoustic properties as a function of treatment [21].

In conclusion, ultrasound imaging and quantitative ultrasound
methods can be used as a method of detecting, noninvasively,
cell structural changes resulting from DNA damage in a variety
of settings. In this chapter, we demonstrated the detection of
such DNA damage in vitro and ex vivo following cell death
after exposure to various anticancer therapies. High-frequency
ultrasound imaging and quantitative ultrasound methods are
able to provide very specific information about changes in cel-
lular structure (i.e., differentiate between apoptotic and mitotic
cell death). The next chapter will describe the extension of
quantitative ultrasound detection of cell death to the lower-
frequency range which has the potential to noninvasively detect
cell death in numerous clinically relevant scenarios including
detecting tumor responses to specific therapies and guiding tis-
sue biopsies and thus, help in developing tools for the clinical
management of cancer treatment. Since monitoring therapy
response is becoming an essential component of drug develop-
ment, the ultrasound methods described here can be used in
preclinical studies to assess responses to new-experimental
anticancer therapies in animal cancer models. Imaging of ther-
apy responses in animal cancer models permits repeated assess-
ments of the tumor and may provide spatial and temporal
information regarding target organs and the heterogeneity of
the response. This information can be correlated with tumor
biopsies and histopathological methods to further provide cor-
relative therapy response endpoints related to ultrasound
methods.
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Chapter 4

Ultrasound Imaging of Apoptosis: Spectroscopic Detection
of DNA-Damage Effects In Vivo

Hadi Tadayyon, Mehrdad J. Gangeh, Roxana Vlad, Michael C. Kolios,
and Gregory J. Czarnota

Abstract

In this chapter, we describe two new methodologies: (1) application of high-frequency ultrasound spec-
troscopy for in vivo detection of cancer cell death in small animal models, and (2) extension of ultrasound
spectroscopy to the lower frequency range (i.e., 1-10 MHz range) for the detection of cell death in vivo
in preclinical and clinical settings. Experiments using tumor xenografts in mice and cancer treatments
based on chemotherapy are described. Finally, we describe how one can detect cancer response to treat-
ment in patients noninvasively early (within 1 week of treatment initiation) using low-frequency ultra-
sound spectroscopic imaging and advanced machine learning techniques. Color-coded images of ultrasound
spectroscopic parameters, or parametric images, permit the delineation of areas of dead cells versus viable
cells using high ultrasound frequencies, and the delineation of areas of therapy response in patient tumors
using clinically relevant ultrasound frequencies. Depending on the desired resolution, parametric ultra-
sound images can be computed and displayed within minutes to hours after ultrasound examination for
cell death. A noninvasive and express method of cancer response detection using ultrasound spectroscopy
provides a framework for personalized medicine with regards to the treatment planning of refractory
patients resulting in substantial improvements in patient survival.

Key words Quantitative ultrasound, Breast cancer response prediction, Texture analysis, Machine
learning, Computer-aided theragnosis

1 Introduction

1.1 Cancer Therapy Traditionally, cancer response to therapy is assessed based on a
Response Assessment  reduction in the sum of the largest diameters of target lesions or the
and the Role largest diameter of unifocal disease [1]. However, clinically detect-
of Ultrasound able reduction in tumor size does not typically occur until several
weeks to months into treatment. Consequently, imaging assess-
ments of tumor biology and biochemistry have led to the discovery
of novel biomarkers that can provide earlier indications (within
days) of tumor response to therapy [2]. Research in early detection
of breast cancer response to anticancer therapy has led to

Vladimir V. Didenko (ed.), Fast Detection of DNA Damage: Methods and Protocols, Methods in Molecular Biology, vol. 1644,
DOI 10.1007/978-1-4939-7187-9_4, © Springer Science+Business Media LLC 2017
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discoveries in both image-based and chemical-based biomarkers. In
a prospective clinical study, Chang et al. monitored levels of apop-
totic index (Al) and Ki-67 in breast cancer patients undergoing
chemotherapy through flow cytometric and immunocytochemical
analyses of fine needle aspiration samples obtained from the breast
tumors [3]. Whereas Al represents the number fraction of apop-
totic cells identified through terminal deoxynucleotidyl transferase
deoxyuridine-triphosphatase nick end labeling (TUNEL), staining
for DNA fragmentation, Ki-67 represents cancer cell proliferation.
In that study, an increase in Al after 1-3 days, and a decrease in
Ki-67 after 21 days, all significant, were found in responding
patients compared to nonresponding ones. In another study by
Nishimura et al. [4], a higher Ki-67 index was found to be associ-
ated with poorer disease-free survival of breast cancer patients.

As for image-based markers, diffusion-weighted MRI
(DW-MRI) has been demonstrated clinically to predict response of
breast tumors as early as after one cycle of chemotherapy. It is used
to measure the apparent diffusion coefficient corresponding to
changes in the Brownian motion of water in the tumor tissue,
which is thought to increase in responding tumors due to a decrease
in tumor cellularity [5]. Tumors are known to have higher glucose
metabolism than other tissues. On this basis, in nuclear imaging, a
longitudinal positron emission tomography (PET) imaging study
on breast cancer used fluorodeoxyglucose (FDG) contrast agent to
enhance the tumor region and track its metabolism during chemo-
therapy treatment [6]. The study demonstrated that responding
tumors could be detectable after one cycle of chemotherapy.
Additionally, diffuse optical imaging (DOI) studies on breast can-
cer have demonstrated a significant increase in hemoglobin con-
centration, water percentage, and tissue optical index, in responding
patients as early as 1 week after chemotherapy treatment initiation
[7]. The utility of these modalities in the clinic, however, is limited
due to long wait times and the requirement of contrast agents in
the case of MRI, poor resolution and limited penetration in the
case of DOI, and health concerns over the repeated use of radioac-
tive material in the case of PET.

As described in the previous chapter, ultrasound has multiple
advantages such as being relatively low cost, having short imaging
time, high resolution, radiation-free nature, and intrinsic tumor
contrast which does not require injection of any contrast agents.
For background on quantitative ultrasound (QUS) imaging of cell
death, please refer to the previous chapter, Subheading 1.2.

In the previous chapter, we described classical QUS parameters
that, depending on the ultrasound frequency of interrogation, can
be correlated to cell death, including spectral slope (SS), spectral
intercept (SI), mid-band fit (MBF), and integrated backscatter
(IBS). Additionally, advanced QUS parameters based on scattering
models such as average scatterer diameter (ASD) and average
acoustic concentration (AAC) have been used to characterize
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mouse models of breast cancer, malignant versus non-malignant
lymph nodes, and more recently to monitor the response of breast
cancer patients to chemotherapy [8-10].

Whereas in the previous chapter high-frequency (above 20
MHz) ultrasound and QUS analysis were demonstrated to be effec-
tive in detecting cell death in vitro and ex vivo, recent studies by
our group have shown that such techniques can also be extended to
a lower—clinically relevant—frequency (6 MHz), permitting
in vivo detection of cell death in preclinical and clinical settings
[10-17]. In ultrasound imaging, a lower center frequency corre-
sponds to higher penetration depth at the cost of lower image reso-
lution. At 6 MHz, the axial resolution is approximately 250 pm and
penetrations as deep as 7 cm can be achieved, making transducers
with this frequency suitable for in vivo imaging in patients.

Recent advances in QUS methods have motivated the design of
computer-aided theragnosis (CAT) systems to reliably classify cancer
patients as responders or nonresponders early after the start of treat-
ment. We have developed a CAT system recently [16] using QUS
methods in conjunction with state-of-the-art texture analysis and
advanced machine learning techniques that can predict the response
of LABC patients to neoadjuvant chemotherapy (NAC) in the first
week of their several-month treatment with an accuracy of 85%. The
CAT system consists of several major components including feature
extraction using texture methods, measuring the dissimilarities
between the “pre-” and “mid-treatment” scans using a kernel-based
metric, learning from imbalanced data, and a supervised learning
algorithm to classify the patients to responders,/nonresponders.

2 Materials

2.1 Ultrasound
Imaging Systems
for Small Animals

For high-frequency data acquisition, a Vevo 770 small animal
imaging system (Visual Sonics Inc., Toronto, Ontario, Canada)
was used with a single-element transducer, RMV 710B. This
system has seen widespread adoption by many small animal imag-
ing facilities. We use such instruments configured with single-ele-
ment transducers and a “digital RE” module capable of acquiring,
digitizing, and exporting raw radio-frequency data for spectral
analysis. New high-frequency linear array transducers (frequencies
from 9 to 70 MHz) optimized for specific research applications
have been recently released commercially (Vevo 2100). Such
instruments are termed “micro-ultrasound” imaging systems and
are dedicated to in vivo longitudinal imaging studies for small ani-
mal phenotyping. The transducer choice on this range of instru-
ments depends on system capabilities, application, and the specimen
to be imaged. For most of the applications described here, one can
use two or three transducers to image a single specimen in order to
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2.2 Ultrasound
Imaging System
for Patients

2.3 Tissue
Equivalent Phantom

2.4 DNA Damage

2.4.1 Chemotherapy
in Mice

2.4.2 Chemotherapy
in Patients

cover a larger range of frequencies. For low-frequency data acquisi-
tion, a Sonix RP system (Ultrasonix, Vancouver, British Columbia,
Canada) was used with a linear array transducer (Fig. la and b).

Patient imaging can be performed using a clinical ultrasound imag-
ing system capable of RF data acquisition and storage. For breast
imaging, we used a Sonix RP equipped with a 6 MHz center fre-
quency linear array transducer (L14-5/60 W). Prior to scanning,
an ultrasound gel was applied to the area of the breast to be
scanned. A picture of the system is presented in Fig. la and c.

A tissue equivalent phantom (TEDP) used as a calibration step was
constructed in-house, using agar medium and spherical glass beads
adapted from [ 18]. The glass beads were purchased from Cospheric
and had a size range of 53-63 pm with density of 2.52 g/cc
(Cospheric SLGMS-2.52 27-30 pm, Santa Barbara, CA). The
bead radius was optically measured to be 20 + 3 pm. Glass beads
were suspended with a concentration of 2.2 g/L. of molten agar
medium (2% agar dissolved in distilled water), and the phantom
was left to rotate in a rotisserie overnight to allow the beads to mix
uniformly in the gel during the solidification process.

The models systems described in this chapter are:

1. Human tumor xenogratts grown in mice, in which apoptosis is
induced by treatment with human-mimicking chemotherapy.

2. Human breast cancer tumors (in patients).

1. Severe combined immunodeficient mice.

2. Human breast cancer cells (MDA-MB-231; American Type
Culture Collection (ATCC), Manassas, VA).

3. RPMI 1640 cell culture medium (Thermo Fisher Scientific,
Waltham, MA USA) for growing the tumor supplemented
with 10% fetal bovine serum and antibiotics (100 mg/L peni-
cillin and 100 mg/L streptomycin).

4. For anesthesia purposes: 100 mg/kg Ketamine, 5 mg/kg
Xylazine, and 1 mg/kg Acepromazine in saline.

5. Paclitaxel and Doxorubicin with biologically equivalent doses
of 100 mg/m? and 50 mg,/m? per mouse, respectively.

Patients follow standard clinical protocols for NAC and our imag-
ing methods do not alter the clinical workflow. Chemotherapy is
often administered using a combination of taxanes, anthracyclines,
fluorouracil, and cyclophosphamide. Chemotherapy administra-
tion is typically fractionated (into cycles) in order to help patients
recover from drug effects. The administration schedule is typically
once every 2 or 3 weeks and the duration varies from 18 to 24
weeks.
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Fig. 1 A clinical ultrasound imaging system (Sonix RP system, Aanalogic Inc.,
Vancouver, Canada). The system is equipped with clinical (screening) and research
modes and operates with array transducers (a). A small transducer (L14-5/38
mm) is used for mouse imaging, as shown in (b) and a large one (L14-5/60 mm)
is used for patient breast imaging as shown in (c). Both transducers have 128
elements, whereas L14-5/38 is 38 mm wide and L14-5/60 is 60 mm wide. For
animal imaging, scanning is mechanically actuated traversing over the tumor
volume, whereas for patient imaging, scanning is performed in a free-hand man-
ner, traversing over the affected area of the breast. This figure is reprinted with
permission from: (a): http://www.ultrasonix.com/wikisonix/index.php/File:Sonixrp.
jpg. (b): http://www.bkultrasound.com/ultrasonix/transducers/I14-538-linear. (c):
http://www.bkultrasound.com/ultrasonix/transducers/I14-5w60-linear

We use a custom-made MATLAB program (The Mathworks Inc.,
Natick, MA, USA) for ultrasound spectral analysis. The analysis
requires two sets of data: sample RF data (raw ultrasound data
capture of tissue) and reference RF data. The TEP previously
described was used as reference RF data in both animal and human
imaging studies. Details about ultrasound signal analysis are pro-
vided in Subheading 3.2.


http://www.ultrasonix.com/wikisonix/index.php/File:Sonixrp.jpg
http://www.ultrasonix.com/wikisonix/index.php/File:Sonixrp.jpg
http://www.bkultrasound.com/ultrasonix/transducers/l14-538-linear
http://www.bkultrasound.com/ultrasonix/transducers/l14-5w60-linear
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3 Methods

3.1 Apoptosis

DNA damage (leading to apoptosis, mitotic arrest, or mitotic
catastrophe) was induced by exposing mice to chemotherapy.
Users are free to use other materials and reagents to induce apop-
tosis and mitotic arrest/catastrophe. For example, in some of our
previous experiments, AML cells were treated with colchicine that
arrests cells in mitosis [19, 20] and Hep-2 cells were exposed to
camptothecin that induces mainly apoptosis in this cell line [21].

For clinical imaging, ultrasound RF data were collected from
the affected breast of patients with locally advanced breast cancer
(LABC) prior to neoadjuvant chemotherapy treatment initiation
and at four times during the course of treatment—weeks 1, 4, 8,
and prior to surgery (mastectomy/lumpectomy). Patients diag-
nosed with locally advanced invasive breast cancer, including inva-
sive ductal carcinoma, invasive lobular carcinoma, and other forms
of invasive cancer, including all grades, were referred from the
diagnostic clinic to our study. This included patients with tumors
larger than 5 cm and/or tumors with locoregional lymph node,
skin, and chest wall involvement as per guidelines reported in [22].
Treatment regimens varied from 5-fluorouracil, epirubicin, and
cyclophosphamide followed by docetaxol (FEC-D), to Adriamycin
followed by paclitaxel (AC-T), or Taxol followed by Trastuzumab
varying from weekly to tri-weekly cycles.

1. In a humidified atmosphere containing 5% CO, at 37 °C and
using the «cell culture medium described previously,
MDA-MB231 cells are cultured to a size of ~1.0 x 10° cells,
which is injected intradermally into the left hind leg of each
mouse. Primary tumors are measured weekly with a caliper and
are allowed to develop for approximately 4 weeks until they
reach a diameter of 6-10 mm.

2. A SCID mouse is anesthetized before imaging and hair over the
tumor and surroundings is removed using a depilation cream.

3. Ultrasound RF data are collected via a mechanical sweep over
the tumor-bearing leg (to construct a 3D ultrasound image)
before treatment and a specified amount of time after treat-
ment (in our experiments we had 4 treatment groups: 4, 12,
24, and 48 h posttreatment). Two sets of ultrasound data are
acquired per tumor, high-frequency and low-frequency ultra-
sound data, using two systems—Vevo 770 and Ronix RP.

4. Prior to imaging, the tumor-bearing leg is placed in a water
bath (see Note 1) which serves as the ultrasound coupling
medium. A photograph of the setup is presented in Fig. 2.

5. Mice are treated with paclitaxel and doxorubicin through
intravenous tail vein injection.
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Fig. 2 A picture of the mouse placement for ultrasound imaging, showing the
tumor-bearing leg pulled through a plastic container with the leg hole sealed by
ultrasound gel and the container filled with distilled degassed water. The trans-
ducer is placed on the top of the leg with ~5 mm distance from the leg. This
figure is reprinted with permission from: DNA Damage Detection In Situ, Ex Vivo
and In Vivo: Methods and Protocols edited by Viadimir V. Didenko (Methods in
molecular biology; 682), 2011 [23]

In preclinical studies, the time between imaging sessions is often
shorter (0, 4, 12, 24, and 48 h) compared to clinical studies (0, 1,
4, and 8 weeks). This is due to the fact that a one-time injection of
a large chemotherapy dose is given to animals whereas for patients
chemotherapy is given on a weekly or biweekly basis over a several-
month period following clinical guidelines. However, in mice, we
are interested in the cell death versus time profile and the length of
time it takes to achieve maximum tumor cell death.

For ultrasound data collection of animal tumors, we used two
systems—a high-frequency system and a low-frequency system.
Measurements from the high-frequency system served as the gold
standard, which were used to validate measurements made with
the low-frequency system. The high-frequency system was a Vevo
770 system employing a 25 MHz transducer (RMV710B). RF
data are typically collected from 10 to 20 different scan planes.
Each plane consists of 250 RF lines sampled at 420 MHz and sepa-
rated by a distance equal to the beam-width of the transducer used
in the respective application. The transducer is positioned such
that the tumor midline is at the depth of focus, which is 9 mm. For
low-frequency ultrasound imaging of animals, we used the Sonix
RP system and a 7 MHz center frequency linear array transducer
(L14-5/38 mm) focused at 1.5 cm depth, with data sampled at 40
MHz, each plane consisting of 128 RF lines. Volumetric data were
collected with scan plane separations of ~0.5 mm. For ultrasound
data collected from patients with breast cancer, the Sonix RP sys-
tem was used. The system was equipped with a 6 MHz linear array
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Fig. 3 (a) Top row: plots of BSC versus frequency from tumor of a mouse in vivo before (leff) and 24 h (right)
after chemotherapy drug injection. Measurements for 3-9 MHz were obtained from the L14-5 transducer with
6 MHz center frequency and measurements for 10-25 MHz were obtained from the RMV 710B transducer with
20 MHz center frequency. Center row: QUS images of AAC derived from high-frequency and low-frequency
ultrasound data before and 24 h after chemotherapy treatment of mice. Bottom row. corresponding postireat-
ment TUNEL image shows large extent of cell death as indicated by the brown stains. Scale bars represent
2 mm. Adapted from [13]. (b) Top row: Plots of BSC versus frequency from the tumor of a LABC good response
patient (/eff) and a poor response patient (right) prior to and 4 weeks after NAC initiation. Bottom row.
Corresponding AAC images prior to and 4 weeks after NAC initiation. Scale bar: 1 cm. Adapted from [10]. This
figure is reprinted with permission from: Quantification of Ultrasonic Scattering Properties of In Vivo Tumor Cell
Death in Mouse Models of Breast Cancer by Hadi Tadayyon et al., 2015 [13] and Non-Invasive Evaluation of
Breast Cancer Response to Chemotherapy using Quantitative Ultrasonic Bacscatter Parameters by Lakshmanan

Sannachi et al., 2014 [10]
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Fig. 3 (continued)

transducer (L14-5/60 W), with image planes consisting of 510 RF
lines, sampled at 40 MHz. The ultrasound focus was placed at the
midline of the tumor, which can be electronically adjusted from 10
to 60 mm.

Using the B-mode image for guidance, an ROI containing the
tumor is selected for analysis. A B-mode image can be formed by
taking the log-compressed absolute value of the Hilbert transform
of the RF data [24]. The ROI should be a visually homogeneous
containing the tumor core (not including skin or muscle surround-
ing it), as shown in Fig. 3. The ROI area is typically 2—4 x 2—4 mm?
in mouse tumors and 2—4 x 2—4 c¢m? in human breast tumors
(locally advanced breast cancers).

The ROI is segmented into sub-ROIs each 10 wavelengths
long (~0.6 mm for high-frequency data for animals, and ~2 mm
for low-frequency data for animals and for humans) in y direction
(vertical direction; direction along ultrasound propagation) and 10
RF lines in x direction. The RF lines in each sub-ROI are multi-
plied by a Hanning window to suppress spectral lobes and each
sub-ROI overlaps the adjacent sub-ROI by 80%.

From each sub-ROI, within the —6 dB frequency bandwidth
of the system (the frequency range corresponding to 50% of the
ultrasound spectral energy density), the average power spectrum is
computed by taking the squared magnitude of the fast Fourier
transform of each RF line and averaging the result across the RF
lines. The average sample power spectrum is divided by the power



50

3.3 CGomputer-Aided

Hadi Tadayyon et al.

Theragnosis System

3.3.1

Feature Extraction

spectrum of the TEP (2.3) in order to remove system dependent
factors. This calibrated power spectrum is then multiplied by the
backscatter coefficient (BSC) of the TEP in order to estimate the
BSC of the sample. This is a well-established technique for estimat-
ing the BSC of'a sample and is referred to as the reference phantom
technique for BSC estimation [25]. The reference BSC was com-
puted using the analytical model for the estimation of the backscat-
tered pressure from solid spheres (glass beads) [26]. The newly
obtained sample BSC was then compensated for frequency-
dependent attenuation using the point-by-point compensation
method [27]. For this purpose, the attenuation coefficients of the
MDA-231 tumors and human LABC tumors were assumed to be
0.6 dB/cm-MHz and 1 dB/cm-MHz [28, 29], respectively.
Scattering properties, including ASD and AAC, were estimated
using the minimum of average squared deviation (MASD) fitting
of the theoretical BSC and the measured BSC according to [27].
An illustration of the ROIs selected from tumors, corresponding
to BSCs and QUS parametric images, is presented in Fig. 3. Some
important points to consider during ultrasound imaging and analy-
sis are discussed in Notes 2-7.

Once a series of QUS parametric images have been obtained from a
tumor ROI at specific times during treatment (whether it is from an
animal or a human), they can be submitted to a computer-aided
theragnosis (CAT) system that will identity tumor response to treat-
ment. A schematic of the components of a CAT system is presented
in Fig. 4. A CAT system consists of three main components:

The responses developed in tumors as a result of cancer treatment
are often heterogeneous [30, 31]. This highlights potential advan-
tages for textural analysis techniques, which can characterize these
responses for a more accurate evaluation of therapeutic cancer
response. The effectiveness of state-of-the-art texture methods such
as local binary patterns (LBPs) [32], which are predefined binary
operators, and texton-based methods [33, 34], which are based on
data-driven codebooks learned from data has recently been demon-
strated in cancer response-monitoring applications [16, 31, 35].

LBPs were first introduced by Ojala et al. [32] as a unified
statistical and structural descriptor for texture analysis. The LBP
method uses a histogram of predefined binary operators to esti-
mate the underlying distribution of microstructural patterns such
as edges, lines, corners, and spots in an image. The technique is
based on the definition of local binary patterns that are circularly
symmetric operators with certain radius R, which defines the spa-
tial resolution of the operator, and with § equally spaced pixels on
this circle, which determines the quantization of angular space.
These operators are defined in such a way that the operator is
invariant to local grayscale shifts.
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Fig. 4 The schematic of a computer-aided-theragnosis (CAT) system for the classification of patients as
responders or nonresponders

Ojala et al. [32] introduced “uniform” LBPs and showed that
they could be considered the fundamental property of image tex-
tures in the sense that the computation of LBPs responses on
images mostly yielded “uniform” patterns (in some images more
than 90%). Uniform LBPs have very few spatial transitions (less
than three) and can detect microstructures such as edges, corners,
spots, and flat areas (as shown in Fig. 5). The frequency of “uni-
form” patterns occurrence in an image has been demonstrated as a
powerful texture feature descriptor [32]. Hence, the LBP approach
is considered a combination of structural (by defining microstruc-
tural operators) and statistical (by using the histogram of these
operators in the image as a feature descriptor) texture analysis
technique.

Multiresolution analysis can be achieved by using the LBPs at
multiple spatial radii. The most common LBP operators in the lit-
erature are: LBPY?, LBPj?, and LBP,"] . The superscript in
these operators stands for rotation invariant uniform 2 (i.e., uni-
form operator with maximum two spatial transitions), and the first
index in the subscript represents S (the number of surrounding
pixels), while the second one is R (the radius of the circular
operator).



52 Hadi Tadayyon et al.

9.0.0,0,00000

00000000 00000001 00000011 00000111 00001111 00011111 00111111 01111111 11111111

Fig. 5 The nine unique rotation invariant uniform 2 LBPs that can occur in LBZ’zg””l”2 . The corresponding binary
number is shown under each operator. Each binary operator corresponds to one primitive image element such
as an edge (operators 2—6), corners (operators 1 and 7), a spot (operator 0), or a flat area (operator 8)
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Fig. 6 The histograms of the LBPs ( LBPS’,"{’2 ) computed for a representative responder and nonresponder on
MBF parametric maps over the course of treatment. As evident, the peak of the histograms of binary patterns
increases for the responder over the course of treatment, indicating a change in the textural properties of the
tumor image, whereas it remains almost unchanged for the nonresponder. This figure is reprinted with permis-
sion from Computer Aided Theragnosis Using Quantitative Ultrasound Spectroscopy and Maximum Mean
Discrepancy in Locally Advanced Breast Cancer by MJ Gangeh et al., 2016 [16]

Non-
Responder

The application of the LBPs as textural feature descriptors in
cancer response monitoring was first demonstrated in [16]. For
instance, Fig. 6 illustrates the use of LBP during neoadjuvant che-
motherapy to monitor patients with LABC tumors. Presented are
the LBP histograms over the treatment period for a representative
responding and nonresponding patient. The bins represent the
LBP operators (depicted in Fig. 5). One can observe variations in
the LBP histogram for the responder case, whereas there are little
or no changes in that of the nonresponder case.

3.3.2  Dissimilarity One main component of a CAT system is an efficient dissimilarity
Measurement measure to correctly identity the distance of “pre-” and “mid-
treatment” scans as an indication of treatment effectiveness. The
main assumption here is that different modalities of cell death
induced due to cancer therapies cause many morphological changes
in tumor cells that will affect the bio-acoustic properties of the
tumor [36, 37]. These changes are reflected in QUS parametric
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maps and can be quantitatively measured by deploying an appropri-
ate dissimilarity measure. One proposal is to use a kernel-based
metric such as maximum mean discrepancy (MMD) [38]. The
MMD is based on the concept of Hilbert-Schmidt independence
criterion (HSIC) [39] and was first introduced by Gangeh et al. to
quantize cell death responses to cancer treatment in xenograft
tumor models [40, 41]. This method is a distance measure, appro-
priate when there are multiple data samples available from two pop-
ulations to be compared. It is a kernel-based measure, implying that
its computation is reliant on inner products taken in a reproducing
kernel Hilbert space (RKHS). By using a kernel function to nonlin-
early transform input vectors into a different, possibly higher-
dimensional feature space, and computing the population means in
this new space, enhanced group separability is ideally obtained.

HSIC is a kernel-based measure to estimate the dependency of
two random variables X and ) . It computes the Hilbert-Schmidt
norm of the cross-covariance operators in RKHS. For practical
purposes, HSIC has to be estimated using a finite number of data
samples. Considering Z = [(X1 NE ),...,(xn Y, )] c X'x)Y as ninde-
pendent observations drawn from P, ,,, an empirical estimate of
HSIC can be computed as follows

XY

HSIC(Z) = tr(KHLH), (1)

(1)

where tr is the trace operator, H , K, L € R"*", K; ;= k(x;, X,),
L; ;= Uy, y,),and H=1— n"'ee" (Iis the identity matrix, ¢is a vec-
tor of # ones and hence, H is the centering matrix). It was shown
in [38] that the MMD metric is closely related to the HSIC and
can be computed to measure the distance between two popula-
tions « and y using

1
1 2 1 2
Ayge (Xy) = ':TZI((Xi,X]—)— _ZK(wa]') + —ZZK(yi,y]. )} ,

n nm m” 2)
where x;, X;, y;, and y; are referring to the data samples extracted
from populations x and y, respectively; 7 and m are the number of
data samples in populations x and y; and Kis a kernel function such
as radial basis function (RBF) kernel. A larger value of dygic(X, y)
indicates that the two populations x and y are more dissimilar.

In the application of cancer response monitoring, after the
computation of textural features on the parametric maps, the dis-
tance between “pre-” and “mid-treatment” scans of each patient is
computed using Eq. 2. This results in a dissimilarity measure for
each patient receiving cancer treatment, which can be submitted to
a supervised learning paradigm for treatment response estimation
as explained next.
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3.3.3 Supervised
Learning

3.4 Tissue Histology
Analysis

Since the number of responding patients is usually much more
than the number of nonresponding ones, techniques based on
learning from imbalanced data [42] are needed to compensate for
this uneven distribution of the data samples in the two classes.
Without this compensation, the training of most of the classifiers is
overwhelmed with the data samples from the majority class result-
ing in a very poor performance on the data samples from minority
class. Random undersampling [43] has been shown to be a simple
but effective approach for learning from imbalanced data in the
design of a CAT system [16]. Considering N, and N, as the set
of majority (responder) and minority (nonresponder) classes,
respectively, the undersampling method randomly subsamples a set
of N, from N, such that |N1| =|N,|.

The final stage in the design of a CAT system is to submit the
balanced data to a supervised learning algorithm such as a naive
Bayes classifier to train it using the ground-truth labels obtained
from histological analysis. The trained classifier will be subsequently
employed to predict the class label of a patient as a responder or a
nonresponder. A discussion of current limitations of our techniques
and future developments are provided in Notes 8-11.

1. For preclinical studies: Fix tumor xenografts in 10% formalin for
24-48 h. Embed the fixed specimen in paraffin. Section the
specimen in five locations, aligning as much as possible with the
ultrasound scan planes. We used 50 pm spacing between loca-
tions. At each location, obtain two consecutive slices—one to
stain for hematoxylin and eosin (for routine histological analysis)
and one to stain for TUNEL (for analysis of DNA damage).

2. For clinical studies: Following surgery, the excised and processed
specimen is mounted on whole-mount 5” by 7” pathology slides
digitized using a confocal scanner (Tissuescope, Huron
Technologies). Details about the processing of surgical breast
specimens can be found in Clark et al. [44]. Patients are classi-
fied as “responder” or “nonresponder” based on the tumor size
change between pretreatment and end of treatment according
to response evaluation criteria in solid tumors (RECIST) [1].
Tumor size is ascertained by breast magnetic resonance imag-
ing. A tumor size reduction by 30% or more constitutes
“responder” whereas a tumor size reduction by less than 30%
constitutes “nonresponder,” except in cases of very low residual
tumor cellularity reported in the post-surgical pathology report.

4 Notes

1. We used distilled, deionized, and degassed water in all of our
animal experiments (resistivity >18.0 M€ /cm and total organic
content of less than ten parts per billion). This standard is
referred to as “water bath” in the text.
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2. Any type of treatment able to induce apoptosis in tissue may
result in changes in ultrasound images and ultrasound param-
eters in the treated tissue compared with the same region
before treatment. However, it is recommended that the tissue
chosen for investigation to have a relative homogeneous struc-
ture because ultrasound backscatter is also sensitive to the
degree of randomness in scatterer arrangement. In preliminary
experiments, we have measured no increase in ultrasound
backscatter from cell samples with large degree of randomness
in the positions of nuclei, although flow-cytometric measure-
ments indicated that a large majority of cells (>50%) under-
went death in these cell samples [45].

3. We have found that tumors larger than 10 mm (the maximum
dimension) may exhibit large hyperechoic patches in ultrasound
images before any treatment. Histological examination confirms
that these patches are spontaneous regions of cell death. We
consider that such tumors with large necrotic core cannot be
used in the experiments as they may bias results. However, we
have been able to utilize tumors that exhibited smaller hyper-
echoic patches (0.5 mm?). This pattern of small necrotic/apop-
totic regions inside the tumor prior to radiation exposure (or
any other type of treatment) mimics well some human tumors
and hence, we have considered that it is a valid approach to
evaluate those tumors in analyses. After radiotherapy, the size of
these patches typically increases covering larger tumor regions.

4. If the goal of the study is assessment of tumor cell death
response to therapy, the tumor should be in the same orienta-
tion at every imaging session. The excised tumor should be
sectioned in the same orientation as the ultrasound plane.

5. Some readers may prefer to use an ultrasound gel instead of
water as the coupling medium. Care should be taken when
using a gel to eliminate any trapped bubbles by centrifugation.

6. A spatial map of local QUS parameter estimates can be gener-
ated by assigning each sub-ROI a color-coded pixel. This is
referred to as a parametric image. At high ultrasound resolu-
tions (i.e., center frequencies above 20 MHz), parametric
images of IBS have been demonstrated to distinguish areas of
cell death, as presented in Fig. 7.

7. In order to obtain an accurate estimate of the effective scat-
terer diameter (ASD parameter; SS is also proportional to this),
one must account for losses in signal intensity due to tissue
attenuation. For animal tumors, attenuation of the skin and
tumor was compensated for using attenuation coefficient val-
ues of 2 dB/ecm-MHz and 0.6 dB/cm-MHz [28]. For human
LABC tumors, an attenuation coefficient of 1 dB/cm-MHz
was assumed [29].
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Fig.

7 Spatial map computed from the local estimates of IBS (similar to MBF)

superimposed on the B-mode image and corresponding TUNEL staining. The
TUNEL-stained image presents an area of cell death of similar shape as the
parametric image computed from the local estimates of the ultrasound-
integrated backscatter. The frame in the image of the histology corresponds
approximately to the spatial map superimposed on the ultrasound image. The
color-bar indicates the range of the corresponding estimates. The scale bar rep-
resents 1 mm. This figure is reprinted with permission from: DNA Damage
Detection In Situ, Ex Vivo and In Vivo: Methods and Protocols edited by Viadimir
V. Didenko (Methods in molecular biology; 682), 2011 [23]

8.

In ultrasound imaging, the transmit center frequency of the
ultrasound transducer determines the structures within the tis-
sue that will scatter ultrasound. Sound at higher frequency scat-
ters from smaller structures. Ultrasound operating at 20 MHz
center frequency (77 pm) approaches cell size and therefore is
sensitive to changes in cellular and nuclear structure (which
occur during apoptosis). However, higher frequency sound
waves are more strongly attenuated (attenuation increases with
frequency in tissues), and therefore applications are limited to
small animals and superficial tumors/tissues. A recent study by
our group has demonstrated that conventional-frequency (~7
MHz) ultrasound BSC parameters such as AAC increase in
regions of tumor cell death in the same way high-frequency
ultrasound does (Fig. 3). Furthermore, image texture analysis
methods examining the second order statistical properties of
ultrasound parametric images have recently been demonstrated
to provide a better prediction of clinical tumor response to ther-
apy compared to the mean of ultrasound parametric maps [15].

. Although some of the changes in spectral parameters estimates

can be interpreted in terms of changes in nuclear size and
acoustic impedance, recent theoretical and experimental evi-
dence indicates that increases in nuclear randomization may in
addition influence significantly the magnitude of ultrasound
backscatter [45]. In these circumstances an understanding of
the relative contribution of each of these nuclear changes
(acoustic impendence versus randomization) to ultrasound
scattering is essential in order to accurately quantify cell death.
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Ongoing studies in our laboratory aim to precisely and reliably
measure acoustic properties as a function of treatment [46].

Whereas 3D ultrasound image acquisition option is available in
most small-animal ultrasound imaging systems including the
one used here, such data is difficult to obtain in a clinical set-
ting, especially with breast imaging. Whereas small animal
imaging systems use mechanically actuated transducers which
move across the object during acquisition, clinical imaging sys-
tems are conventionally operated by hand-held transducers,
providing by default, a series of arbitrarily oriented 2D images.
3D reconstruction from hand-held ultrasound scanners is dif-
ficult due to the irregular spacing and orientation of the image
planes. Reconstruction algorithms have been proposed with
limited success. An alternative solution is the use of 3D ultra-
sound imaging systems, such as ultrasound computed tomog-
raphy and rotating concave transducer technologies which
have recently emerged in the market. These systems are
equipped with RF data acquisition, permitting one to view
ultrasound parametric images in a 3D Cartesian volume. This
can provide a better visualization of response/cell death in
tumors (Fig. 8). These technologies provide an operator-
independent volume of the uncompressed breast (as opposed
to free-hand transducers that cause breast compression during
imaging), facilitating registration with other image modalities
such as dynamic contrast enhanced magnetic resonance image
(DCE-MRI) volume of the breast.

In conclusion, quantitative ultrasound spectroscopy provides
safe, accurate, and noninvasive measure of DNA damage
related to apoptosis in vivo, both in preclinical and clinical set-
tings. In preclinical applications involving small animals, high-
frequency ultrasound (above 20 MHz center frequency) or
conventional-frequency (below 10 MHz) ultrasound can be
used. In clinical applications, due to depth requirements, con-
ventional frequency ultrasound is recommended to be used.
High-frequency ultrasound parametric images provide insight
into changes in cellular structure. Although conventional fre-
quency ultrasound parametric images may not resolve very
small areas of cell death (due to the lower resolution), bulk
changes in cell death (greater than 0.5 mm by 0.5 mm) can be
detected within 24 h in mouse models and within 14 weeks in
patients. Quantitative ultrasound spectroscopy complements
conventional ultrasound by providing more telling quantita-
tive images for purposes of cancer diagnosis and therapy assess-
ment, facilitating personalized medicine. With real-time
imaging and therapy assessment capability, the ultrasound
methods described here can be used in preclinical studies to
assess responses to new experimental anticancer therapies in
animal cancer models.
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Fig. 8 Using a patented 360 ° rotating concave ultrasound transducer, Sonix Embrace Research captures
realistic, uncompressed images of a breast, while the patient lies in a comfortable, prone position. The system
captures gigabytes of raw data, which is ideal for cancer detection research and treatment monitoring. (a)
Imaging system consisting of a bed with concave transducer in the center and a portable pc which handles the
data acquisitions. (b) LR-SI view of the reconstructed breast, (¢) AP-LR view, and (d) AP-SI view. Photo credits:
Analogic Ultrasound (Ultrasonix, Vancouver, BC). This figure is reprinted with permission from http://www.
ultrasonix.com/wikisonix/index.php/SonixEmbrace
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Chapter 5

Fluorochrome-Laheled Inhibitors of Caspases: Expedient
In Vitro and In Vivo Markers of Apoptotic Cells for Rapid
Cytometric Analysis

Zbigniew Darzynkiewicz, Hong Zhao, H. Dorota Halicka,
Piotr Pozarowski, and Brian Lee

Abstract

Activation of caspases is a characteristic event of apoptosis. Various cytometric methods distinguishing this
event have been developed to serve as specific apoptotic markers for the assessment of apoptotic frequency
within different cell populations. The method described in this chapter utilizes fluorochrome /abeled
mbhibitors of caspases (FLICA) and is applicable to fluorescence microscopy, flow- and imaging-cytometry
as well as to confocal imaging. Cell-permeant FLICA reagents tagged with carboxyfluorescein or sulforho-
damine, when applied to live cells in vitro or in vivo, exclusively label the cells that are undergoing apop-
tosis. The FLICA labeling methodology is rapid, simple, robust, and can be combined with other markers
of cell death for multiplexed analysis. Examples are presented on FLICA use in combination with a vital
stain (propidium iodide), detection of the loss of mitochondrial electrochemical potential, and exposure of
phosphatidylserine on the outer surface of plasma cell membrane using Annexin V fluorochrome conju-
gates. FLICA staining followed by cell fixation and stoichiometric staining of cellular DNA demonstrate
that FLICA binding can be correlated with the concurrent analysis of DNA ploidy, cell cycle phase, DNA
fragmentation, and other apoptotic events whose detection requires cell permeabilization. The “time win-
dow” for the detection of apoptosis with FLICA is wider compared to the Annexin V binding, making
FLICA a preferable marker for the detection of early phase apoptosis and therefore more accurate for
quantification of apoptotic cells. Unlike many other biomarkers of apoptotic cells, FLICAs can be used to
detect apoptosis ex vivo and in vivo in different tissues.

Key words Apoptosis, Flow cytometry, Laser scanning cytometry, Cell death, Mitochondrial poten-
tial, Annexin V binding, Cell necrobiology

1 Introduction

Cysteine-aspartic acid specific proteases (caspases) that are being
activated in response to a variety of cell death inducing stimuli,
serve as critical gears within the programmed cell death machinery
[1-4]. Their activation initiates specific cleavage of the respective
target proteins and therefore is considered to be a marker of the
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irreversible steps leading to cell demise. Although there are excep-
tions [4, 5], caspase activation is regarded to be a characteristic
event of apoptosis and identification of apoptotic cells often relies
on the detection of their activated state [ 3—6]. Caspases specifically
recognize a four-amino acid sequence on their substrate proteins;
the carboxyl end of aspartic acid within this sequence is their target
for cleavage. Several approaches have been developed to detect the
process of their activation. Because the activation involves the trans-
catalytic cleavage of the zymogen pro-caspases [1], the cleavage
products having lower molecular weight than the zymogen can be
revealed electrophoretically and identified in Western blots using
caspase-specific antibodies. Chromogenic/fluorogenic modifica-
tions of the four-amino-acid, preferred caspase targeting sequences
led to the creation of caspase detection substrates. These caspases
substrates, which initially are colorless or non-fluorescent upon
cleavage by caspases, generate a colored or fluorescing signal. These
substrates were developed for the purpose of detecting caspases
activation. Early on, their utility was confined to the assessment of
the presence of activated caspases in cell extracts. When these chro-
mogenic/fluorogenic caspase detection substrates were chemically
modified to become cell membrane permeant, this modification
allowed for the detection of caspases activation in whole living cells.
Elimination of a cell-lysis requirement leads to several advantages:
(1) creation of a whole-cell-based, flow cytometry compatible, cas-
pase detection assay format, [7, 8] and (2) elimination of the pos-
sibility for unintended artifact creation resulting from cell lysis
treatments. Adapted to cytometry is also the methodology based on
fluorescence resonance energy transfer (FRET) that detects the
cleavage of the caspase substrate that contains the FRET-responsive
fluorophores [9, 10]. Immunocytochemical detection either of the
activated (trans-catalytically cleaved) caspase [6, 11] or of the cas-
pase specific cleavage product, such as the p89 fragment of
poly(ADP-ribose) [12], are other methodologies used to detect
activity of these proteolytic enzymes in single cells, applicable to
cytometry.

The method described here relies on the use of the
Aluorochrome-/abeled nhibitors of caspases (FLICA) [13-15].
The methodology is based on the use of enzyme-specific inhibitors
tagged with fluorochromes such as carboxyfluorescein (FAM)- or
fluorescein  (FITC)-peptide-fluoromethyl ketone (FMK), the
ligands that bind to the active centers of caspases. These FMK
reagents penetrate through the plasma membrane of live cells and
are nontoxic to the cell. In fact, in some cell systems by virtue of
caspase inhibition, FLICAs slow down the process of apoptosis and
prevent total cell disintegration. As a consequence of their caspase
inhibition properties, the use of FLICA probes was proposed as an
accurate dynamic (real time) assay of apoptosis for different cell
populations [ 16]. The recognition peptide moiety of these reagents
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was expected to provide some level of specificity of their binding to
particular caspases. Thus, the FLICAs containing VDVAD, DEVD,
VEID, YVAD, LETD, LEHD, and AEVD peptide moicties were
expected to preferentially bind to activated caspases-2, —3, —6, —1,
-8, -9, and —10, respectively. On the other hand, the FAM-VAD-
FMK containing the valyl-alanyl-aspartic acid residue sequence was
designed to be pan-caspase reactive, binding to activated caspases-
1,-3-4,-5,-7,-8,and =9 [17]. It was later observed, however,
that because of the FMK group reactivity, likely with thiol groups
of intracellular proteins that become available upon cleavage by
caspases, their binding is not as caspase-specific as initially thought
[15]. Despite the apparent lack of specificity in labeling individual
caspases, the FLICA probes have consistently shown themselves to
be highly reliable reporters of caspases activation and convenient
markers of apoptotic cells. In contrast to a variety of other markers
of apoptotic cells (e.g., annexin V) FLICA, also named FLIVO™,
can be used to rapidly detect the caspase-driven apoptosis events
upon proper, fluorochrome-specific wavelength excitation of live
tissues or in vivo following their injection into animals [18, 19].

Exposure of live cells to FLICAs results in the rapid uptake of
these reagents followed by their covalent binding to apoptotic cells
containing activated caspase enzymes. Unbound FLICAs are
removed from the non-apoptotic cells via a simple concentration
gradient diffusion process following repeated rinsing of the cells
with wash-buffer. The protocols given below describe the labeling
of cells containing activated caspases using FAM-VAD-EMK. The
same protocol can be applied to other FLICAs. Concurrent expo-
sure of cells to propidium iodide (PI) strongly labels all cells with a
compromised plasma membrane integrity that cannot exclude this
cationic dye; the loss of membrane integrity is a key feature of mid-
late stage apoptotic cells or cells undergoing necrosis. On the other
hand, simultaneous cell staining with the mitochondrial electro-
chemical potential probe, chloromethyl-X-rosamine (CMXRos;
MitoTracker Red) [20] and FLICA allows one to discriminate
between two sequential events of apoptosis: dissipation of the inner
mitochondrial membrane potential and activation of the caspase
enzyme cascade, respectively. Likewise, simultaneous staining with
FLICA and Annexin V conjugated to red fluorescing dyes such as
Cy5 reveals the relationship between caspases activation and expo-
sure of phosphatidylserine (PS) residues on the external surface of
plasma membrane during apoptosis [7, 21]. Cells labeled with
FLICAs and PI, CMXRos or Annexin V-Cy5 can be examined by
fluorescence microscopy or subjected to quantitative analysis by
flow- or image- cytometry such as laser scanning cytometry (LSC).
By virtue of the ability to rapidly measure large cell populations
and to analyze cell images, LSC is particularly useful in studies of
apoptosis [22, 23].
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2 Materials

1.

2.

Cells to be analyzed: Can be grown on slides (see Subheading
3.1) or in suspension.

Microscope slides, coverslips, and culture vessels having micro-
scope slidesat the bottom of the chamber, such as Chamberslide”,
Nunc, Inc., or single- or multi-chambered Falcon Culture
Slides (BD Biosciences): see Subheading 3.1.

. Instrumentation: Fluorescence microscope, or multiparameter

Laser Scanning Cytometer (LSC; iCys® model), available from
Thorlabs Inc. (Newton, NJ, USA). Flow cytometers of different
types, offered by several manufacturers, can be used to measure
cell fluorescence following staining according to the procedures
described below. The manufacturers of the most common flow
cytometers are Beckman /Coulter Corporation (Miami, FL),
BD Biosciences (formerly Becton Dickinson Immunocytometry
Systems; San Jose, CA), DACO/Cytomation (Fort Collins,
CO), and PARTEC GmbH (Zurich, Switzerland).

The software to deconvolve the DNA content frequency
histograms, to analyze the cell cycle distributions, is available
from Phoenix Flow Systems San Diego, CA) or Verity Software
House (Topham, MA).

4. Phosphate-buftfered saline (PBS).

. Dimethylsulfoxide (DMSO).

6. Stock solution of PI: Dissolve 1 mg of PI in 1 mL of distilled

water. This solution can be stored at 4 °C in the dark for sev-
eral months.

. Stock FLICA solution: Dissolve lyophilized FLICA (e.g., FAM-

VAD-FMK; available as a component of the FLICA™ Apoptosis
Detection (“Green FLICA”) kit from Immunochemistry
Technologies LLC, Bloomington, MN) in dimethylsulfoxide
(DMSO) as specified in the kit to obtain 150x concentrated
(stock) solution of this inhibitor. Also available from this ven-
dor are caspase-2 (VDVAD), caspase-3 (DEVD), caspase-6
(VEID), caspase-1 (YVAD), caspase-8 (LETD), caspase-9
(LEHD), and caspase-10 (AEVD) FLICAs. Aliquots of FLICAs
solution (150x in DMSO) may be stored at —20 ° C in the dark
for 6 months.

. Intermediate (30x concentrated) FLICA solution: Prepare a

30-x concentrated solution of FAM-VAD-FMK by diluting
the stock solution 1:5 in PBS. Mix the vial until the contents
become transparent and homogenous. This solution should be
made freshly from the 150x DMSO stock solution just prior to
adding it to the cells. Protect all FLICA solutions from light.
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9. FLICA staining solution: just prior to the use, add 3 pL of 30x
concentrated FAM-VAD-FMK solution into 100 pL of culture
medium.

10. Rinsing solution: 1% (w/v) BSA in PBS.

11. Staining solution of PI: Add 10 pL of stock solution of PI to
1 mL of the rinsing solution.

12. Mito-Tracker Red (Invitrogen/Molecular Probes).

13. Annexin V-Cy5 conjugate and the binding buffer (Abcam,
Cambridge, MA or Alexis Biochemicals, San Diego, CA).

14. Parafilm “M.”

3 Methods

3.1 Attachment

of Cells to Slides (Cells
to be Analyzed by
Microscopy and/or LSC)

The procedure requires incubation of live (unfixed, not permeabi-
lized) cells with solutions of FLICAs. A variety of adherent cells are
available for growth in cell culture flasks. Such cells can be attached
to microscope slides by culturing them on slides or coverslips.
Culture vessels having microscope slides at the bottom of the cham-
ber are commercially available (see Subheading 2, item 2). The cells
growing in these chambers spread and attach to the slide surface
after incubation at 37 °C for several hours. Alternatively, the cells
can be grown on coverslips, e.g., placed on the bottom of Petri
dishes. The coverslips are then inverted over shallow (<1 mm) wells
on the microscope slides. The wells can be prepared by construct-
ing the well walls (~2 x 1 cm size) either with a pen that deposits a
hydrophobic barrier (“Isolator”, Shandon Scientific), nail polish, or
melted paraffin. The wells also may be made by preparing a strip of
Parafilm “M” of the size of the slide, cutting a hole ~2 x 1 cm in the
middle of this strip, placing the strip on the microscope slide and
heating the slide on a warm plate until the Parafilm starts to melt. It
should be stressed, however, that because the cells detach during
late stages of apoptosis [6, 23] these apoptotic cells may be selec-
tively lost if the analysis is limited to attached cells.

Cells that normally grow in suspension can be attached to glass
slides by electrostatic forces. This is due to the fact that sialic acid
residues that cover the cell surface have a net negative charge in
contrast to the glass surface which is positively charged. Incubation
of cells on microscope slides in the absence of any serum or serum
proteins (which otherwise neutralize the charge), thus, leads to
their attachment. The cells taken from culture should be rinsed in
PBS in order to remove serum proteins contained in the cell cul-
ture media and then resuspended in PBS at a concentration of
2 x 10° cells/mL. An aliquot (50-100 pL) of this suspension
should be deposited within a shallow well (prepared as described
above) on the horizontally placed microscope slide. To prevent
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3.2 Cell Staining

and Analysis

by Microscopy or LSG/
(iCys® Research
Imaging Cytometer)

drying, a small piece (~2 x 2 cm) of a thin polyethylene foil or
Parafilm may be placed atop of the cell suspension drop. A short
(15-20 min) incubation of such cell suspension at room tempera-
ture in a closed box containing wet tissue or filter paper that pro-
vides 100% humidity is adequate to ensure that most cells will
firmly attach to the slide surface. Cells attached in this manner
remain viable for several hours and can be subjected to surface
immmunophenotyping, viability tests, or intracellular enzyme
kinetics assays. Such preparations can then be fixed (e.g., in form-
aldehyde) without a significant loss of cells from the slide. However,
as in the case of cell growth on glass [23], late apoptotic cells have
a tendency to detach even after initial attachment.

It should be stressed that the microscope slide to which cells
are going to be attached electrostatically should be extra clean.
Fingerprints leave oils on the slide that interferes with cell attach-
ment. To remove possible contamination of glass surface that may
interfere with cell attachment, soak microscope slides in a house-
hold detergent and then rinse in water and 100% ethanol respec-
tively. Slides should be allowed to air dry and used the same day
they were cleaned.

1. Attach the cells to the microscope slide as described in
Subheading 3.1 Keep the cells immersed in the culture medium
by adding 100 pL of the medium (with 10% serum) into the
well on the microscope slide to cover the area with the cells. In
the case of cells growing on microscope slide chambers, move
directly to step 2.

2. Remove the medium and replace it with 100 pL of the 1x
FLICA (e.g., FAM-VAD-FMK) staining solution.

3. Place ~2 x 4 cm strip of Parafilm atop the staining solution to
prevent drying. Incubate the slides horizontally for 30 or up to
60 min at 37 ° C in a closed box with wet tissue or filter paper
to ensure 100% humidity, in the dark.

4. Remove the staining solution with Pasteur pipette. Rinse twice
with the rinsing solution each time, adding a new aliquot, gen-
tly mixing, and after 2 min replacing with the next rinse.

5. Apply 100 pL of the PI staining solution atop of the cells
deposited on the slide. Cover with a coverslip and seal the
edges to prevent drying (see Notes 1-4).

6. During the subsequent 30 min after the addition of PI solu-
tion, observe the cells under a fluorescence microscope (blue
light illumination) or measure cell fluorescence with LSC. Use
the argon ion laser (488 nm) of LSC to excite fluorescence,
contour on light scatter, and measure green fluorescence of
FLICA at 530 = 20 nm and red fluorescence of PI at >600 nm
(Fig. 1) (see Note 5).
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Fig. 1 The bivariate distributions (scatterplots) of FAM-VAD-FMK (FLICA; green maximal pixel) vs PI (red inte-
gral) fluorescence of the control (Cirl) and camptothecin (CPT) treated HL-60 cells. To induce apoptosis the
cells were treated for 4 h with 0.15 uM of the DNA topoisomerase | inhibitor (CPT). The cells were then stained
according to the protocol (Subheading 3.2) and their fluorescence was measured by LSC (iCys®). The live non-
apoptotic cells, which are predominant in Ctrl, are unlabeled (quadrant A). Early apoptotic cells have increased
FLICA fluorescence but minimal fluorescence of PI (quadrant B). The cells more advanced in apoptosis show
variable degrees of both, FLICA-positive and PI-positive, fluorescence (quadrant C). At very late stages of
apoptosis (“necrotic stage”), caspases either leak out of cells or are not reactive with FLICA and cells become
FLICA-negative/Pl-positive (quadrant D)

When cells are attached to microscope slides, the shortest

time required for their combined FLICA and PI staining is
only slightly over 30 min. FLICA incubation can be minimally
30 minutes, and within moments of adding PI, the cells can be
analyzed visually or by LSC.

3.3 Cell Staining 1.

and Analysis by Flow
Cytometry 2

Suspend 5 x 10°-10° cells in 0.3 mL of complete culture
medium (with 10% serum) in a centrifuge tube.

. Add 10 pL of the 30x concentrated (“intermediate”) FLICA

staining solution to this cell suspension. Mix the cell suspen-
sion by flicking the tube.

. Incubate for 30—60 min at 37 ° C in atmosphere of air with 5%

CO,, at 100% humidity, in the dark.

. To the cell suspension with FLICA, add 5 mL of the rinsing

solution (PBS with BSA) or 1x “wash buffer” provided with
the FLICA kit and gently mix the cell suspension.

. Centrifuge at 300 x g for 5 min at room temperature and

remove the supernatant by aspiration.

. Resuspend cell pellet in 2 mL of the rinsing solution or in 1x

“wash buffer.”

. Centrifuge at 300 x g for 5 min and aspirate the supernatant.
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8. Resuspend cells in 1 mL of the PI staining solution. Place the
tube on ice (see Notes 2—4).

9. Measure cell fluorescence by flow cytometry
e excite cell fluorescence with 488 nm laser line.
e measure green fluorescence of FLICA at 530 = 20 nm.

¢ measure red fluorescence of PI at >600 nm.

In the case of suspended cells the duration of their com-
bined FLICA and PI staining can be reduced to 30 min, when
the two repeated centrifugations with the “wash buffer” are
shortened to 2 min each and the speed of centrifugation is
increased (500 x g). Avoid exposing cells to g forces >800 x 4.
Under these increased g-force conditions, there is an increased
risk of fragile, compromised cell membrane integrity (apoptotic-
cell) losses due to excessive g-force packing and membrane
structure disruption (see Notes 6-11).

4 Notes

1. Protect cells from light throughout the procedure.

2. Staining with PI is optional. It allows one to identify the cells
that have compromised cell membrane integrity. Such cells
(necrotic and mid-late stage apoptotic cells, cells with structur-
ally compromised plasma membranes, isolated cell nuclei) will
stain red as a result of their inability to exclude PI (Fig. 1).

3. If concurrvently with FLICA cells are stained with CMXRos
(MitoTracker Red): Instead of adding PI solution as described
above, add 100 pL of PBS containing 0.2 pM CMXRos.
Alternatively, the CMXRos potentiometric dye can be inter-
changed with a tetramethylrhodamine derivative dye like tetra-
methylrhodamine methyl ester perchlorate (TMRM, available
from Sigma, Molecular Probes/ThermoFisher or in kit form
from Immunochemistry Technologies). Cells can be stained
with 0.4 puM of TMRM for 15 min at 37 °C. After the addition
of either the CMXRos or TMRM potentiometric dyes, rinse
the cells with rinsing solution, suspend in rinsing solution, and
measure their green (FLICA) and red (CMXRos or TMRM)
fluorescence the same way as in the case of cells stained with
FLICA and PI (Fig. 2).

4. If concurvently with FLICA cells ave stained with Annexin V-Cy5
congugate: Instead of adding PI solution, add 100 pL of the 1x
binding buftfer containing Annexin V-Cy5 at the concentration
suggested by the vendor. Incubate for 15 min, rinse once with
the binding bufter, and suspend in rinsing buffer. The calcium
containing binding bufter must be used to maintain the affinity
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Fig. 2 Concurrent detection of caspases activation by FLICA (FAM-VAD-FMK) and the loss of mitochondrial
electrochemical potential (Ay,,) during apoptosis. To induce apoptosis, human leukemic Jurkat cells were
treated with 30 pM or 60 uM H,0, for 7 h [7]. The cells were then subjected to staining with FLICA and CMXRos
(MitoTracker Red) and their fluorescence was measured by flow cytometry as described in the protocol
(Subheading 3.3 and Note 3). Based on differential binding of FLICA and CMXRos, one can distinguish three cell
subpopulations: (a) live, non-apoptotic cells; (b) cells having decreased mitochondrial potential (CMXRos bind-
ing), prior to caspases activation, and (¢) cells showing both decreased mitochondrial potential and increased
caspases activation (¢). The data illustrate that the reduction of mitochondrial potential precedes FLICA binding.
Treatment with 60 uM H,0, accelerates the process of apoptosis as evidenced by an increase in frequency of
FLICA-positive cells. (For more details see Ref. 15)

interaction between the Annexin and PS residues on the apop-
totic cell membrane surface. Excite cell fluorescence with both
488 nm and red diode (647 nm) lasers and measure the emis-
sion of Cyb5 at far red (>650 nm) wavelength (Fig. 3). This pro-
cedure, however, can also be combined with PI staining.
High-intensity PI fluorescence at red wavelength (590-620 nm,
excited at 488 nm) allows one to preidentify and gate out in
advance the cells with a damaged plasma membrane (PI-
positive). PI-negative cells may then be analyzed with respect to
their Annexin V —Cy5 and FLICA fluorescence properties.

5. After step 4 (Subheading 3.2) or step 7 (Subheading 3.3) the
cells may be fixed in 1% formaldehyde (10 min on ice) followed
by 70% ethanol and then subjected to staining with PI in the
presence of RNase A or stained with 7-aminoactinomycin D. In
this format, the PI is used to stain the DNA of all cells to facili-
tate the assessment of DNA ploidy parameters. Analysis of the
FLICA vs. PI fluorescence by LSC or flow cytometry allows for
the correlation of caspases activation with cellular DNA content,
i.e., the cell cycle position or DNA ploidy. Details of this proce-
dure are provided in reference [6, 24]. Alternatively, when two-
laser excitation is available and one of the lasers produces UV
light, the cellular DNA may be counterstained with Hoechst
33342 or with 4’,6-diamidino-2-phenylindole (DAPI), both
available from Molecular Probes (ThermoFisher Scientific, Inc.).
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Fig. 3 Relationship between caspases activation as detected by FLICA binding and externalization of phospha-
tidylserine revealed by Annexin V binding during apoptosis. Apoptosis of HL-60 cells was induced by treatment
with the DNA topoisomerase | inhibitor topotecan (TPT, 0.15 pM, 90 min). The cells were then labeled with
FLICA (FAM-VAD-FMK), and subsequently with annexin V-Cy5 conjugate, and their fluorescence was measured
by LSC as described in the protocol (Subheading 3.2 and Note 4). Four quadrants shown in the right panel
identify cells that are () non-apoptotic, (b) early apoptotic cells that bind FLICA but do not bind annexin V-Cy5,
(c) apoptotic cells that bind both FLICA and annexin V-Cy5, and (d) very late apoptotic or necrotic cells that are
FLICA-negative. The data show that the “time window” to detect apoptosis is wider for the FLICA assay as the
early apoptotic cells are FLICA-positive (b) and not detectable by the Annexin V-Cy5 assay

6. One has to keep in mind that FLICAs are not passive reagents

that mark the activated caspases, but instead, react directly
with the caspase enzyme by covalent interaction with reactive
cysteine within the active catalytic site of the enzyme. This
inhibits caspase activity suppressing the process of apoptosis.
Thus, the rate of apoptosis progression and all the events
related to caspases activity are suppressed by FLICAs [16].

. Another problem that should be taken into account when using

FLICA to mark the activated caspases in live cells pertains to the
structural fragility of apoptotic cells. The flow cytometric assay
requires incubation of live cells with these reagents followed by
repeated rinsing to remove unbound FLICA from the non-
apoptotic cells. Apoptotic cells, particularly at late stages of
apoptosis, are fragile and may be preferentially lost during the
centrifugations. A certain degree of stability is derived from the
presence of serum (up to 20% v/v) or BSA (up to 2% w/v) in
the rinsing buffers. Also, the cells should be sedimented with
minimal g-force and short centrifugation time. Because of a
possibility of a selective loss of apoptotic cells, one has to be
careful drawing conclusions about the absolute frequency of
apoptosis based on the percentage of FLICA-positive cells in
the samples assayed by flow cytometry. In the case of cell analy-
sis by LSC/iCys® the propensity of apoptotic cells to detach in
cultures and thus escape from analysis should also be taken into
account, as it may favor a downward bias in the estimation of
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the apoptotic index as well. The above technical difficulties in
the analysis of frequency of apoptosis pertain to any cytometric
methodology, not only by FLICA and are discussed in extent
elsewhere [23].

. It is difficult to assess the specificity of in situ bound individual

FLICA sequences designed to be markers for their respective
caspases in light of the evidence of a nonspecific component in
FLICA binding [15]. While activation of caspases is definitely
associated with FLICA binding, it is likely that products of
cleavage of other proteins by caspases have exposed thiol
groups reactive with FLICA as well [15].

. Also available are FLICA red fluorescing reagents containing

sulforhodamine (SR) instead of carboxyfluorescein (FAM).
Their availability extends multiparameter/multiplexed FLICA
applications in combination with other markers.

A combination of FLICA with SYTO dyes offers an attractive
marker of apoptosis, concurrently revealing both the activation
of caspases and the condensation of nucleic acids [25].
Combining the red-fluorescing and nontoxic marker of cell
membrane integrity loss DRAQ?7 [26] with green fluorescing
FLICAs provides an excellent arrangement of dual dynamic
(real time) indicators of cell viability and apoptosis.

It should also be stressed that because of FLICA’s nontoxicity
properties at the concentrations used to label apoptotic cells,
these reagents are ideally suited to serve as ex vivo and in vivo
markers of apoptosis induction events in these cells. When for-
mulated and vialed for specific use as an in vivo apoptosis
detection marker, defined as FLIVO™ (Immunochemistry
Technologies, LL.C), these imaging reagents were successfully
used to allow in vivo labeling and subsequent ex vivo detection
and assessment, of apoptotic cells within a variety of rat and
mouse organ tissues following apoptosis induction by way of a
number of different induction routes [26-30].
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Chapter 6

The Fast-Halo Assay for the Detection of DNA Damage

Piero Sestili, Cinzia Calcabrini, Anna Rita Diaz, Carmela Fimognari,
and Vilberto Stocchi

Abstract

The need for express screening of the DNA damaging potential of chemicals has progressively increased
over the past 20 years due to the wide number of new synthetic molecules to be evaluated, as well as the
adoption of more stringent chemical regulations such as the EU REACH and risk reduction politics. In
this regard, DNA diffusion assays such as the microelectrophoretic comet assay paved the way for rapid
genotoxicity testing. A more significant simplification and speeding up of the experimental processes was
achieved with the fast halo assay (FHA) described in the present chapter. FHA operates at the single cell
level and relies on radial dispersion of the fragments of damaged DNA from intact nuclear DNA. The
fragmented DNA is separated by diffusion in an alkaline solvent and is stained, visualized, and finally quan-
tified using computer-assisted image analysis programs. This permits the rapid assessment of the extent of
DNA breakage caused by different types of DNA lesions. FHA has proven to be sensitive, reliable, and
flexible. This is currently one of the simplest, cheapest, and quickest assays for studying DNA damage and
repair in living cells. It does not need expensive reagents or electrophoretic equipment and requires only
40 min to prepare samples for computer-based quantification. This technique can be particularly useful in
rapid genotoxicity assessments and in high-throughput genotoxicity screenings.

Key words DNA damage, DNA repair, Single-strand breaks, Double-strand breaks, Apoptosis,
Large-scale genotoxicity screening

1 Introduction

A variety of chemicals and physical agents can damage cellular
DNA through specific lesions such as single- and double-strand
breaks (SSBs and DSBs, respectively), modified bases, DNA-DNA
crosslinks, and DNA-protein crosslinks [1]. These lesions may
trigger an array of biological responses from the cellular to the
organ level, one of the most dangerous being carcinogenesis [1].
Hence, the detection of these lesions and the identification of
DNA-damaging agents/chemicals are of the utmost importance
from both biological and toxicological points of view.

Advances in understanding of the negative interactions of geno-
toxic agents with the structure and function of the genome also

Vladimir V. Didenko (ed.), Fast Detection of DNA Damage: Methods and Protocols, Methods in Molecular Biology, vol. 1644,
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depend on the development and availability of more robust, flexi-
ble, and reliable techniques. During the 1970s, a variety of methods
were developed for the direct and indirect detection of DNA dam-
age and repair in eukaryotic cells. These included cesium chloride
equilibrium density gradients, benzoylated naphthoylated diethyl-
aminoethyl cellulose columns, 313 nm irradiation of DNA-
containing bromodeoxyuridine, alkaline filter elution, alkaline
sucrose gradients, and direct assays for the identification of adducts
from DNA [2-5]. Although fundamental for the development of
genetic toxicology, these techniques were cumbersome, expensive,
time consuming, and inadequate for large-scale screening purposes.
During the 1980s a new and independent technique, the comet
assay, also known as single cell microelectrophoresis, was developed
[6]. The comet assay was the first technique capable of combining
the simplicity of biochemical techniques for detecting DNA dam-
age with the single cell approach typical of cytogenetic assays.

Advantages of the comet assay include: (1) its relative simplic-
ity as compared to older methods; (2) the need for small numbers
of cells per sample (<10,000); (3) its flexibility (any eukaryotic cell
type can be analyzed); (4) no need for radioactive labeling of DNA;
(5) and its sensitivity [ 7]. Thanks to these features, the comet assay
is recognized by regulatory agencies as an indicator test for large-
scale screenings.

In search of alternative, faster, and simpler high-throughput,
early prescreening methods to assess the DNA-damaging potential
of chemical agents, our group developed two “radial diffusion”
assays: the alkaline halo assay (AHA) in 1999 [8] and the subse-
quent fast halo assay (FHA) in 2006 [9].

These assays have been used by our and other groups to ana-
lyze DNA strand breakage induced by a number of agents or apop-
totic cell death [8-58].

The fast halo assay was named so [8] by virtue of its unique
rapidity and simplicity as compared to its precursor AHA, comet
assay, or other methods to detect nuclear DNA lesions. FHA is
based on the observation that fragmented DNA from damaged
cells can be radially separated from intact chromatin with a simple
incubation in an alkaline solution, i.c., without the need for either
the long lysis stage of AHA and comet assay or for the electropho-
retic process that characterizes the comet assay. Omitting these
stages reduces both the total experimental time and the expense to
set up the assay.

In FHA, the diffusion process is promoted by alkaline—be it
denaturing or not—solvation of nuclei which produces, upon
DNA staining and microscopic examination, radial and centrifugal
migration of fragmented DNA which forms circular “halos” con-
centric to the smaller nuclear remnants. The size of the halos is
directly related to the number/frequency of the DNA lesions, i.e.,
the bigger the halo the higher the damage (see Figs. 1 and 2), as
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Fig. 1 Representative micrographs of FHA-processed cells. Control (a), H,0,- (b, 100 pM for 20 min) and tert-
butylhydroperoxide-treated (c, 150 uM for 20 min) human leukemia Jurkat cells; staurosporine- (d, 200 nM for
6 h) and H,0,-treated (e, 50 pM for 20 min) U937 human promonocytic cells. Panels (a)—(d) show EB stained
cells seen at the fluorescence microscope and (e) Wright-stained cells at the transmission light microscope.
Arrowin (c) shows “overlapped” halos and that in (d) an apoptotic cell—among three undamaged ones—char-
acterized by a small nuclear cage with most of its DNA diffused in a very large halo. Magnification: 200

Control Mild damage High damage

Fig. 2 Representative screenshot of FHA-assayed cells with different degrees of DNA damage analyzed with
the ImageJ program. RN nucleus radius, RH halo radius. Also shown are the circular selections tools used to
mark the circumference of the halos and of the nuclei
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demonstrated by dose/response experiments and by comparing
these results with the outcomes of parallel determinations with the
comet assay taken as a reference method [9, 35].

The experimental steps to isolate nuclear DNA and analyze
SSBs—including those derived from the conversion of a basic site
under alkaline denaturing conditions [ 11 ]—in FHA consist of: (1)
agarose embedding of cells to form a thin layer on a fully frosted
microscope slide; (2) deproteinization of agarose embedded nuclei
and denaturation of DNA with strong alkaline solutions (NaOH,
pH >12.1). This brief (15 min) incubation in a strong alkaline
solution causes the deproteinization of the nuclei, DNA denatur-
ation and promotes the radial diffusion of single stranded DNA
fragments; (3) DNA staining with ethidium bromide (EB) added
directly to the NaOH solution during the last 5 min of alkaline
incubation of samples; (4) destaining (10-15 min).

The total time required to prepare and process up to 9-12
samples mounted on 3—4 fully frosted slides is around 40—45 min,
i.e., one third/one fourth of the average time required for the
comet assay. Apart from its rapidity, another significant advantage
of FHA is that no particular equipment or reagent, except those
usually included in a standard tissue culture and cellular biology
laboratory, is required. As an example, only NaOH and EB are
needed to promote extraction of single stranded DNA fragments
and staining. Consequently, the total cost of each experiment is
very low. This unique combination of economy and simplicity can
make FHA an attractive option for genotoxicity tests by environ-
mental control agencies with limited budgets, such as those in
developing countries [59].

When FHA is conducted with the use of specific lysing/
extracting non-denaturing buffers, it exclusively detects and quan-
tifies DNA DSBs [9], which are highly cytotoxic [45, 60]. The
selectivity of detection is achieved by reducing the pH of the
extraction/lysis buffer to a lower value (pH 10.1) [9, 50]. In such
non-denaturing conditions only DNA fragments resulting from
the presence of DSBs diffuse out of the nuclear remnants and form
DNA halos. This version of the procedure allows for quantitation
of DNA DSBs without the interference of SSBs [9].

Since DSBs do not derive only from the direct action of car-
cinogens but also from the nucleolytic processes in cells undergo-
ing apoptosis, the non-denaturing version of FHA can be used to
estimate the number of apoptotic cells [9, 50] within a given sam-
ple. Under non-denaturing FHA conditions, apoptotic cells pro-
duce characteristic, very large-size halos (Fig. 1d). Such highly
extended halos are likely to reflect the intense nucleolytic activity
which leads to the well-known apoptotic DNA ladder. After count-
ing at least 100 cells per treatment condition, the percent ratio
between the number of cells showing large halos and that of intact
ones represents an index of the extent of apoptosis. When studying
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apoptosis, a simple count of “haloed” vs. intact cells is sufficient
and no image analysis is needed.

An example of an apoptotic cell is shown in Fig. 1d, where
apoptosis was induced with the non DNA-damaging compound
staurosporine [61] to avoid the possible interference of frank DNA
breaks. This interference may depend on the fact that many apopto-
genic agents (e.g., etoposide, anthracyclines, bleomycin) are also
capable of inducing direct DNA damage via double-strand break-
age, which could be confused with apoptotic DNA cleavage. Even
though in most cases these two events do not coincide in time—
frank DNA breakage being an early event and apoptotic fragmenta-
tion a later one—under particular conditions (i.e., continuous
exposure to genotoxins) the simultaneous presence of frank DNA
strand breaks and apoptotic DNA cleavage may occur [62]. Hence,
under such conditions it might be subjective and difficult to distin-
guish apoptotic cells from non-apoptotic DNA-damaged ones using
only FHA. These potentially ambiguous situations have been specifi-
cally discussed elsewhere [9, 63] and can be addressed using FHA
with independent techniques capable of distinguishing and quantify-
ing the simultaneous occurrence of more phenomena (e.g., vital
stains exclusion and cell growth assays, Hoechst 33,342 staining,
caspase colorimetric assay kits, pulsed-field gel electrophoresis).

In the past few years three independent research groups fur-
ther implemented and significantly improved FHA. Galaz-Leiva
etal. [20] developed a new DNA staining procedure that exchanges
EB for Wright’s methylene blue-cosin (see Fig. 1e). This modifica-
tion allows analysis of DNA with light microscopes instead of fluo-
rescence ones, further simplifies the instrumentation requirements,
and reduces the expenses to set up the assay. Moreover, the optical
quality of Wright-stained samples is unaffected by the fading and
photobleaching typical of EB-stained samples, a factor that helps
to perform a more accurate image analysis.

Using a different technique altogether, Quiao et al. [21] devel-
oped an array of microfabricated patterns capable of capturing cells
through electrostatic interactions. Patterned cells are then trapped
inside a layer of agarose gel and assayed according to FHA for
DNA damage. The halo array, called HaloChip, can be observed
fluorescently after labeling DNA with EB. The regular spatial and
focal arrangement of each cell in the array enables automatic esti-
mation of DNA damage. Indeed, one of the major troubles affect-
ing the DNA dispersion assays and FHA is the fact that cells
sometimes embed in the agarose film very close to each other or in
multiple focal planes thus producing overlapping halos that are dif-
ficult to analyze (see Fig. 1c). The spatial regularity of HaloChip
resolves this problem.

The more recent and probably more significant contribution
to improve FHA has been introduced by Maurya et al., who devel-
oped Halo], a program for the semiautomatic image analysis of
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FHA-processed cells [35]. If not assisted by dedicated programs,
the analysis of the images from DNA dispersion methods such as
comet or FHA is a cumbersome and long procedure per se, requir-
ing even longer times as compared to those needed to complete
the assay itself, especially when a high number of samples are pre-
pared. Although the image analysis of FHA, by virtue of the sym-
metric and regular shape of the halos, is theoretically simpler as
compared to comet, where damaged DNA lies within irregularly
shaped tails, the availability of specific programs to analyze tails
significantly reduces the time needed to complete image process-
ing. On the contrary, the unavailability of corresponding suitable
user-friendly programs for FHA has probably limited its popularity
despite its economy and rapidity. Indeed, most of the researchers
were analyzing halo images manually using generic image analysis
freewares (Image]). The Halo] program addresses this problem
[35]: it is a semiautomatic program that analyzes halo images in
two simple steps and gives the percentage of DNA in halos and
nuclei in a total time that can be estimated in one fourth of that
needed for manual processing. Importantly, halo parameters (per-
centage of DNA in halo nuclei and Nuclear Diffusion factor, NDF)
obtained with HaloJ matched the comet parameters (percentage of
DNA in tail and Olive tail moment) obtained with the Comet
Assay Software Project.

Halo]J program significantly speeds up the analysis of halos and
is particularly useful for researchers working on the DNA damage
and repair, radiation biology, toxicology, cancer biology, and
pharmacology.

In conclusion, FHA is the most rapid and inexpensive method
to measure DNA damage at the single cell level. Despite its striking
simplicity, FHA is as sensitive, flexible, and reliable as other meth-
ods for studying DNA lesions and repair.

2 Materials

2.1 Preparation
of Ready-to-use
Agarose-Coated Slides

. Regular fully frosted microscope slides (26 x 76 x 1.5 mm).
. Absolute ethanol.
. Plastic tweezers with flat tips.

N I S

. Normal melting (NM) agarose. Prepare 100 mL (see Notes 1
and 2) NM agarose in distilled water (1% w/v): microwave or
heat until near boiling and the agarose dissolves. NM agarose
left can be stored at 4 °C and reused for up to 2 weeks.

. Permanent marker or nail paint.
. Berzelius tall form 100 mL beaker.
. Slide tray.

o N O U

. Aluminum foil.



2.2 Isolation of Gell 1.
Samples and Pilot
Experiments
2
3
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100 mM H,O0, freshly prepared stock solution in water. For
experiments, dilute stock H,O, to the proper concentrations in
complete culture medium.

. 100 mM etoposide stock solution in dimethylsulphoxide (this

solution is stable for up to 1 month at room temperature). For
experiments, dilute stock etoposide to the proper concentra-
tions in complete culture medium.

. U937 and HelLa cells (4 x 10° per experimental condition).

4. RPMI 1640 medium with 10% v/v fetal bovine serum and

9
10.
11.
12.
2.3 Agarose 1.
Embedding of Gell
Samples
2
3
4
5
6

antibiotics (1% standard penicillin-streptomycin solution); to
culture U937 cells.

. MEM medium with 10% fetal bovine serum and antibiotics

(1% standard penicillin-streptomycin  solution); to culture
HelLa cells.

. Sterile, disposable cell-culture plasticware such as 75 cm? flasks

for routine growth, 35 mm diameter dishes for experiments,
and 10 mL pipettes.

. CO, incubator for cell culture.

. Phosphate-buffered saline solution containing EDTA (PBS/

EDTA): 137 mM NaCl, 1.4 mM Na,HPO,, 4.3 mM KH,POy,,
2.7 mM KCl, containing 5 mM ethylenediaminetetraacetic
acid disodium salt (EDTA), pH 7.4. This solution may be
autoclaved and dispensed in 50 mL aliquots.

. Solution of 0.25% trypsin containing 1 mM EDTA for cells

growing as attached monolayers.
Biirker hemocytometer.

Trypan blue solution (0.4% w/v in distilled water). Prepare
25 mL and filter-sterilize through a 0.22 pm syringe filter.
Store refrigerated for up to 3 months.

Large plastic tray filled with 3—4 L of flake ice.

Low Melting (LM) agarose. Prepare 50 mL stock 0.75% LM aga-
rose (375 mg for 50 mL) in PBS. Microwave or heat until near
boiling and the LM agarose dissolves. Aliquot LM agarose in
10 mL glass scintillation vials, cap and store refrigerated until
needed. Sealed aliquots are stable for at least 6 months at
4 °C. Single aliquots can be melted and frozen many times but, in
our experience, their post-opening stability decreases to 3—4 weeks.

. Eppendorf-type microfuge conical tubes (1.5 mL).
. Ready-to-use agarose-coated slides.

. Coverslips (22 x 22 x 0.15 mm).

. Aluminum foil.

. Large plastic tray filled with 3—4 L of flake ice.
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2.4 Sample Lysis
and Staining
(Denaturing Alkaline
FHA for the
Assessment of DNA
SSBs)

2.5 Sample Lysis
and Staining (Non-
Denaturing Alkaline
FHA for DNA DSBs)

2.6 Microscopic
Examination
and Imaging

2.7 Evaluation
of DNA Damage

1. Lysis-denaturing-extracting solution: 300 mM NaOH,
pH > 13.0. Prepare 1 L stock solution and store at room tem-
perature. If tightly capped, NaOH is stable for up to 1 year.

. 2.5 mg/mL ethidium bromide (EB) in distilled water (100x
stock solution) (see Note 3).

9]

Wright’s methylene blue-cosin stain solution (Merck).
PBS.
. DePeX (Serva).

. Three staining jars and one staining rack with horizontal tray.

o o oW

1. Lysis-extracting buffer: 150 mM NaOH, 100 mM NaH,PO,,
1 mM EDTA free acid, Triton X100 1% v/v, pH 10.1. Prepare
250 mL and store at room temperature. Ensure the bottle is
tightly capped. This solution is stable for up to 1 month.

2. PBS (50 mL) containing 0.1 mg/mL RNase (Type 1A ribo-
nuclease from bovine pancreas) (PBS/RNase). Prepare 100x
RNase stock aliquots (10 mg/mL) in PBS, and store at
—20 °C. RNase aliquots are stable for at least 6 months.

3. 2.5 mg/mL ethidium bromide (EB) in distilled water (100x
stock solution) (see Note 3).

4. Wright’s methylene blue-cosin stain solution (Merck).
5. PBS.

1. Depending on the stain procedure (EB or Wright stain), fluo-
rescence or transmitted light microscope, with standard
C-mount adapter (see Note 4).

2. Standard C-mount digital camera coupled and connected to a
personal computer (se¢ Note 4).

Image analysis software: we recommend Image] running Halo]
[35], the dedicated macro developed by Prof. D.K. Maurya to
easily process FHA images. Both programs are freely available:
Image J can be downloaded from http://rsbweb.nih.gov/ij/ and
Halo]J can be requested to the author according to http:/ /ijt.sage-
pub.com/content/33/5,/362.

3 Methods

The choice between the denaturing or the non-denaturing version of
FHA depends on the type of DNA lesion or event to be studied. In
particular, the non-denaturing FHA is suitable for studying the levels
of DNA DSBs without the interference of background DNA single-
strand breakage. Indeed, denaturing FHA (Subheading 3.4) detects
cither DNA-SSBs or DNA-DSBs, while non-denaturing FHA
(Subheading 3.5) selectively scores the presence of DNA-DSBs.
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3.1 Preparation
of Ready-to-Use
Agarose-Goated Slides

3.2 Isolation of Cell
Samples and Pilot
Experiments
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Ready-to-use agarose-coated slides should be prepared before
experiments. As 6-9 samples can be handled in each experiment,
and three samples can be accommodated on a single slide, 20
agarose-coated slides will suffice for 6-10 experiments.

1. Wash 20 slides with absolute ethanol and let them dry at room
temperature. Label the upper left corner of each slide (the side
to be coated) with permanent ink marker or with nail paint.

2. Melt 1% NM agarose in a microwave oven (se¢ Note 2).

3. Pour 1% NM agarose in the tall form beaker when it is still hot
(55-60 °C). Firmly hold each slide using the tweezers, dip it
into the beaker, and slowly remove. Repeat this procedure
three times per each slide.

4. Wipe underside of slides to remove agarose. Put the slides
(coated side up) in a tray on a flat surface and let them dry over-
night at room temperature. For quicker drying, slides can be
heated for 3 h at 50 °C in a conventional oven, or microwaved
for 5-10 min (set the microwave at the minimum power).

5. Wrap the slides with an aluminum foil and store at room tem-
perature until needed. Ready-to-use slides can be stored for up
to 3 months. Avoid high humidity conditions that may pro-
mote bacterial contamination of the agarose films.

Cell samples should be collected immediately after treatments, and
handled under dim light to prevent UV-induced DNA damage. It
is also worth considering that some types of DNA lesions, such as
X-ray-induced DNA-SSBs, are rapidly repaired by living cells.
Thus, to block unwanted resealing of DNA breaks, it is mandatory
to chill cells immediately after treatments. This can be easily
achieved by placing plastic dishes or tubes containing cells on ice,
by using prechilled solutions and by presetting the refrigerated
centrifuge at 4 °C. The procedures described hereafter refer to cul-
tured cells (see Note 5).

1. To test and tune up FHA, pilot experiments can be performed.
These should include standard treatments producing DNA
SSBs or DNA DSBs to test denaturing FHA (see Subheading
3.4) or non-denaturing FHA (se¢ Subheading 3.5), respec-
tively. X-rays represent the most reliable and affordable DNA
damaging agent which dose-dependently induce either DNA-
SSBs or DSBs in the range 0.1-10 grays. Alternatively, DNA-
SSBs can be generated by treatment with increasing
concentrations of H,O, (0.05-0.5 mM for 15 min in complete
culture medium at 37 °C); DSBs can be generated by exposure
to increasing concentrations of etoposide (10-100 pM for
90 min at 37 °C). The concentrations of both agents should
result in DNA breakage ranging from low to extensive damage
(see Fig. 1 and Subheadings 3.7 and 3.8). These experiments



84

Piero Sestili et al.

3.3 Agarose
Embedding
and Sample Casting

can be performed using any common cultured cell line sensi-
tive to the above agents, such as U937 human promonocytes,
as a reference suspension cell line, or Hela cells, as a reference
adherent cell line. Recently, Galaz-Leiva et al. [20] suggested
the use of nucleated erythrocytes from chicken blood as refer-
ence cells because they are a convenient and easily available
model of terminally differentiated nucleated cells with con-
stant DNA content, chromatin structure, and physiology (no
transcription, no replication). Once treated, cells will be imme-
diately processed as described hereafter.

. Suspension cells: place cell suspension in 15 mL plastic centri-

fuge tubes and harvest cells by centrifugation at 250 x g for
5 min.

. Discard the supernatant and wash cell pellet with 5 mL ice-

cold PBS/EDTA. Centrifuge at 250 x g, for 5 min, discard the
supernatant, and repeat washing with 5 mL PBS/EDTA (see
Note 6).

. Before the last centrifugation, resuspend the cells, take a

100 pL aliquot of the suspension, and mix with an equal vol-
ume of 0.4% trypan blue. Count cells to determine their den-
sity and viability with the Biirker hemocytometer. Since the
presence of necrotic cells may profoundly affect the experi-
mental outcomes [9], the number of non-viable, trypan blue-
stained cells in treated samples should not be significantly
different from that in control samples.

. Adherent cells: place culture dishes on a tray filled with flake ice

and harvest cells by trypsinization (see Note 7). When cells detach
quench trypsin with 1,/4 volume of complete culture medium.

. Place trypsinized cells in 15 mL plastic centrifuge tubes. Wash

the cells with 5 mL PBS/EDTA. Centrifuge at 250 x g for
5 min, pour off supernatant, and repeat washing (se¢ Note 6).
Before the last centrifugation, count cells and determine their
number and viability as in Subheading 3.2, step 4.

. After the last centrifugation, discard supernatants and resus-

pend pellets at 1 x 10 cells/mL in ice-cold PBS /EDTA.

. Store the samples on ice until casting (stick the plastic tubes in

flake ice).

The samples that have been prepared according to Subheading 3.2
need to be mixed with LM agarose and spread on the agarose-
coated slides.

1. Melt an aliquot of LM agarose in microwave (or by another

appropriate method) 10-15 min before casting the samples.
Place the LM agarose vial in a 40 °C water bath to cool and
stabilize the temperature.



3.4 Lysis and
Staining of Samples
Under Denaturing
Conditions Using EB

3.5 Lysis and Staining
of Samples Under Non-
Denaturing Conditions
Using EB

Fast Halo Assay 85

2. Put 40 pL of cell suspension (~3 x 10* cells) in an Eppendorf
tube and add 40 pL melted LM agarose. Thoroughly mix cells
with LM agarose by gently pipetting up and down two to three
times (a 100-200 pL micropipette set at 50 plL works fine).

3. Immediately pipette a drop (30—40 pL) of the mixture on the
agarose coated slide. Rapidly cover with a coverslip.

4. Repeat steps 2 and 3 for the next two samples (up to three
samples can be accommodated on a single agarose-coated slide).

5. After loading the three samples, put the slides on an aluminum
foil resting on ice until the agarose layers harden (~10 min).

6. As suggested in [20] the procedure described in Subheading
3.3, steps 3—5 can be substituted with simply making smears
of'the cell suspensions obtained as described in step Subheading
3.3, step 2 on glass slides.

Equilibrate all the solutions at room temperature before use.

1. Add 40 mL (or enough to cover the slides) of 300 mM NaOH
to the first staining jar.

2. Gently remove the coverslips (sliding and rotating will help);
ensure the samples are firmly stuck on it.

3. Place each slide in the horizontal staining tray.

4. Slowly lower the tray into the first jar with NaOH. Incubate
slides for 15 min.

5. Add 0.4 mL 100x EB (final concentration 25 pg/mL) to
NaOH during the last 5 min of incubation. Gently shake the
staining jar to disperse EB.

6. Pass the staining tray to the second jar containing 40 mL (or
enough to cover the slides) distilled water and destain for up to
15 min.

7. After destaining, store the slides at room temperature in the
third jar with 40 mL (or enough to cover the slides) fresh dis-
tilled water to minimize EB contaminations. Up to 2 h storage
in distilled water does not affect halo size.

This version of FHA allows selective measurement of the level of
DNA DSBs. Since the lysis and extraction of samples are conducted
under non-denaturing pH conditions, the two DNA strands are
not separated, no single-stranded DNA fragment is released and
the presence of DNA SSBs is not revealed by the assay [9]. This is
particularly useful when testing agents known or suspected to
induce DNA DSBs. This version of FHA is also suitable to unravel
the presence, in a population of cells treated with cytotoxic, non-
genotoxic agents, of necrotic and/or apoptotic cells [9], whose
DNA is highly fragmented by the activity of endonucleases which
mostly generate DSBs [46].
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3.6 Alternative
Staining of Halos
for Bright Field
Microscopy

10.

Equilibrate all the solutions at room temperature before use.

. Add 40 mL (or enough to cover the slides) of lysis-extracting

solution to the first staining jar (see Subheading 2.5, item 1).

. Gently remove the coverslips (sliding and rotating will help)

and carefully peel off the casting spacer from the slide; ensure
the samples are firmly stuck on it.

. Place each slide in the horizontal staining tray.

. Slowly lower the tray into the jar with the lysis-extracting

solution.

. After 10 min of lysis, take out the slides and gently wash them

with 3 mL flowing PBS per slide to remove excess detergents
and alkali. This will prevent RNase inactivation (see below).

. Dilute 0.4 mL 100x RNase (final concentration 0.1 mg/mL)

in 40 mL PBS. Pour this solution in the second staining jar.

. Slowly lower the slides into the jar with PBS /RNase and incu-

bate for further 15 min. This step is required because RNA is
not fully digested at pH values >10.1 (the persistence of RNA
would result in the formation of large halos of undegraded
RNA in either control or treated cells, and would obviously
affect the experimental outcomes).

. Add 0.4 mL 100x EB (final concentration 25 pg/mL) to

PBS/RNase during the last 5 min of incubation. Gently shake
the staining jar to disperse EB.

. Pass the slides to the third jar containing distilled water and

destain for up to 15 min.

Once destained, store the slides at room temperature in a jar
(rinse thoroughly the first jar and re-use it) containing fresh,
distilled water to minimize EB contaminations. Up to 2 h stor-
age of slides in distilled water does not affect halo size.

Staining of halos to be observed under bright-field microscopy can
be performed using commercial Wright’s methylene blue-eosin
stain solution freshly diluted 1:1 with PBS.

1.

Following treatment with the extracting buffers (pH 13.0 or
10.1) and RNase (pH 10.1 procedure only), wash the slides
with PBS.

. Dilute 1:1 Wright’s methylene blue-cosin stain solution in

PBS; filter the resulting aqueous staining solution and apply to
the slides for 10 min at room temperature. Wash slides in tap
water for 5 min and examine immediately at the microscope or
air dry and eventually mount in DePeX to obtain permanent
preparations.
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5.
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Take out one slide at a time from distilled water and, before
examination, blot away excess liquid on the back and edges;
then put a coverslip over the agarose layers containing the cells.

. For visualization of DNA halos and nuclei, observations of EB-

or Wright-stained DNA are made using a 20-25x objective on a
fluorescence or bright field microscope, respectively. Depending
on the size of cells, other objectives (16x, 40x) can be used.

. Capture the images of at least 75-100 cells per experimental

condition, i.e. 5-10 observation fields with 10-15 cells each
(see Notes 8 and 9).

When finished to score the first slide, put it back into distilled
water.

Repeat these steps for the other slides (see Notes 10 and 11).

3.8 Evaluation Microscopic images (representative micrographs are shown in

of DNA Damage Fig. 1) are digitally recorded on a PC coupled to a digital camera
and processed with an image analysis software. We use the Image]
freeware (the Windows version of the original NIH Image) run-
ning the Halo] macro [35].

1.

Evaluation is done semiautomatically by HaloJ, which mea-
sures the area of the nuclear remnant (nucleus) and that of the
corresponding halo (total area of nucleus plus halo) of each
scored cell. A flow chart of the image analysis with Halo] is
shown in Fig. 3. Although much less accurate, other even
quicker methods can be adopted (see Note 12).

. The level of DNA breakage in each scored cell is conveniently

expressed by the NDF, which is calculated by Halo] and repre-
sents the ratio between the (total area of nucleus plus halo and
the area of the nucleus) -1. The subtraction of one unit from
the areas ratio has been introduced because ideal control cells
with no damage show no halos: in other words the area of the
halo coincides with that of the nucleus, and their ratio is 1.
However, since an NDF value equal to 1 as referred to undam-
aged cells would be confusing, we have introduced this nor-
malization procedure (see Note 13).

Open
image |—>

Convert
to bit
format

Open HaloJ
—>| macro [T | Analysis: draw a circle

around nucleus, click

Go to results and
calculate the
mean NDF

Repeat for each OK; draw a circle
cell of the same <= around the halo, click

expt. condition OK

Fig. 3 Flow chart of the sequential operations to analyze FHA cells in HaloJ macro
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. The NDF values of 50-75 randomly selected cells per experi-

mental condition should be calculated. Thus, the NDF value
of'a given sample, i.e. the level of DNA damage in that experi-
mental condition, is obtained by calculating the mean NDF
value of all the scored cells in that sample. As an example, cells
treated with the concentrations of H,O, or etoposide indicated
in Subheading 3.2, step 1 should result in NDF values ranging
from 1 to 10.

. Negative (untreated cells) and positive (cells subjected to a

standard DNA-damaging treatment) control samples can be
included in each experiment (see Notes 13 and 14).

. Halo]J automatically exports each cell’s NDF to a “Result”

sheet, that can be opened and processed with Excel to easily
calculate mean NDF values, standard deviations and standard
error means in each sample.

. Statistical analysis is based on multiple experiments from mul-

tiple cultures.

. The NDF values can be conveniently used to generate dose/

response or damage induction/repair kinetic plots.

4 Notes

. The amounts of NM agarose indicated in Subheading 2.1,

item 4 are based on using 26 x 76 mm slides. Proportional
volumes can be used for slides of different size.

. If the NM agarose layers are not sticking to the slides properly,

increasing its concentration to 1.5% should eliminate the
problem.

. Due to its intercalating capacity, EB is classed as a mutagen and

possible carcinogen and teratogen. The dye should be handled
carefully and properly to avoid accidental exposure. Also, EB
solutions must not be disposed of without deactivation or
decontamination. Deactivation can be obtained by overnight
bleaching or by the procedure described in [64]. For decon-
tamination, specific destaining bags and extractors are com-
mercially available.

. Digital color-cameras for bright fluorescence with a resolution

of at least 1.3 Mpixel are largely satisfactory for FHA imaging.
As to the fluorescence microscopes, best results are guaranteed
by those equipped with a 100 W lamp.

. At the moment FHA has not been applied to ex vivo tissues.

However, it is likely that the common techniques used to iso-
late cells from living organisms or from ex vivo tissues for the
comet assay [65] are suitable for FHA as well.
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. Ensure complete removal of cell culture media before drop-

ping cells on the agarose-coated slide, as it can affect the adhe-
sion of the LM agarose layer to the NM agarose-coated slide.

. Since excessive trypsinization times may increase DNA dam-

age, it is preferable to harvest adherent cells refractory to this
process as follows: gently scrape monolayers in 1 mL PBS/
EDTA with a Teflon scraper; disperse cell aggregates by repeat-
edly pipetting up and down with a 1000 pL. micropipette or a
Pasteur pipette and then proceed as indicated in Subheading
3.2, steps 6-8.

. Before capturing the images of all the samples of any experi-

ment, adjust and preset the shutter aperture and the exposure
time of the digital camera to obtain good images of both con-
trol and treated samples.

. As the majority of the assays based on nonautomated image

analysis, FHA data may be affected by operator-bias. To mini-
mize operator-bias, a single inspector blind to the identity of
the samples should be allowed to perform the microscopic
examination and the analysis.

The optical quality of specimens is critical to make good halos
and nuclei measurements. Since we noticed that, in the case of
EB staining, the best image quality is assured by freshly pre-
pared, wet samples, do not let agarose layers dry before the
first microscopic examination has been completed. This can be
avoided by storing slides in distilled water, and by observing
one slide at a time.

As an alternative, the slides can be fixed in alcohol and stored
for future observations. After scoring all the slides, remove
coverslips, rinse in 100% alcohol, let it dry, and store in dry
area. When convenient, flood the dried slides with 500 pL of
distilled water, cover with a coverslip, remove excess liquid,
and view samples under the microscope. If EB fluorescence is
too low, slides can be stained again with an aqueous solution of
25 pg/mL EB for 5-10 min, and destained in distilled water.

Although the use of Halo]J is greatly recommended, other
approaches similar to those developed by some authors for
comet assay [66] can be used. For example, the frequency of
cells with no, small, medium, large, and extra-large halos can
be counted among 100 cells; scores ranging from 0 to 4 can be
attributed to each category and used to quantify DNA dam-
age. These semiquantitative operations, which significantly
speed up the analysis procedure, can be done directly at the
microscope, without recording the images.

The NDF value of untreated cells should be always less than
1.0 (i.e., control cells should display thin halos). Experiments
where untreated control cells show higher NDF values are
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14.

indicative of badly executed operations and /or badly cultured
cells, and should be discarded. In this regard, routinely check
cells for mycoplasmal infections: infected cells, although
untreated, show large halos that depend on the release of
mycoplasmal DNA. Also, discard all solutions and prepare
fresh ones and precoat new slides with fresh agarose.

To evaluate whether the assay is functioning correctly, a nega-
tive (untreated) and a positive (damaged) control should be
included in each experiment. As positive controls for DNA
SSBs we use cryopreserved U937 cells that were pretreated for
15 min with 150 pM H,0O, in PBS at 37 °C. Such a treatment
results in extensive DNA single-strand breakage (NDF between
7 and 10) in the majority of cells. This cell population can be
stored immediately after oxidative challenge as 0.1-0.3 mL ali-
quots into cryotubes. To freeze cells accurately wash pellets
with fresh, ice-cold PBS/EDTA after H,O, challenge; resus-
pend at 1 x 10°/mL in 10% v/v dimethylsulfoxide, 40% v/v
growth medium and 50% v /v fetal calf serum. Transfer aliquots
of 0.1-0.3 mL in cryotubes and freeze at —=70 °C. For experi-
ments, frozen cells will be recovered by submerging cryotubes
in 37 °C water bath until the last trace of ice has melted. Process
such cells as indicated in Subheading 3.4 and following. The
NDF data resulting from these positive control cells processed
along with the studied samples can be used to evaluate, and to
take into account, inter-experimental variability.
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Rapid Detection of Bacterial Susceptibility or Resistance
to Quinolones
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Jaime Gosalvez, and José Luis Fernandez

Abstract

The emergence of multidrug resistant microorganisms together with the decline in discovery and develop-
ment of new antibiotics is of great concern in health-care policy. In this alarming context, an early and
well-tailored antibiotic therapy is a relevant strategy not only to improve clinical outcome but also to avoid
appearance and spreading of perilous resistant strains. One of the most common antibiotic classes is fluo-
roquinolones. They trap the DNA girase and/or topoisomerase IV on the DNA, resulting in DNA frag-
mentation. We have developed the Micromax® assay to determine, in situ, the integrity of the chromosomal
DNA-nucleoid from microorganisms. This was validated as a simple procedure for the rapid assessment of
the susceptibility or resistance to quinolones in gram-negative bacteria. After incubating with the quino-
lone, cells are trapped in an agarose microgel on a slide and incubated with a specific lysing solution to
remove the cell wall and visualize the nucleoids under fluorescence microscopy. If the strain is susceptible
to the quinolone, the bacterial nucleoids show a halo of diffusing DNA spots of fragmented DNA, whereas
they appear intact in the resistant strain. The technical processing is performed in 40 min with practically
total sensitivity and specificity.

Key words Bacteria, Antibiotic resistance, Quinolone, DNA fragmentation, Rapid assay

1 Introduction

The emergence and spreading of drug-resistant pathogen strains is
considered one of the greatest threats to human health. The
European Center for Disease Control (ECDC) reported 25,000
annual deaths due to multi-resistant pathogens. This problem is
enhanced by the actual decline in discovery and development of
new antibiotics [1]. Microorganisms resistant to multiple antibiot-
ics present a continually increasing health risk, particularly in clini-
cal settings. Specifically, immunocompromised patients and
patients located in Intensive Care Units (ICUs) are at increased
risk of acquiring nosocomial infectious diseases which may be resis-
tant to one or more antibiotics. In this case, patients may acquire

Vladimir V. Didenko (ed.), Fast Detection of DNA Damage: Methods and Protocols, Methods in Molecular Biology, vol. 1644,
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infections through intrusive, but necessary, medical means, such as
infections in the respiratory pathway during mechanical ventila-
tion, in the urinary tract or blood vessels via catheters or even
through skin wounds, such as incisions required for any number of
medical procedures. Such infections may be associated with a high
mortality rate. The most habitual pathogens are gram-negative
bacilli, frequently multi-resistant to several antibiotics, as
Acinetobacter bawmannii, Klebsielln pnewmonine, Pseudomonas
aeruginosa, and some enterobacteria like Escherichin coli [2].

Well-selected, early antibiotic treatment provides the best
defense against such multi-resistant pathogens. Current procedures
require a bacterial culture for the identification of the microorgan-
ism followed by an antibiogram, which routinely requires 2—3 days
of bacterial growth. The step of culturing bacteria to construct an
antibiogram alone generally requires about 1 day of incubation and
is habitually based on the determination of the minimum inhibitory
concentration (MIC) of cell growth by the antibiotic [3].

Given the relatively long time necessary to perform the stan-
dard antibiogram, antibiotics are usually empirically provided at
the onset in life-threatening nosocomial infections. This first line
of defense often relies on antibiotics generally known to be effec-
tive based on the likely pathogen involved. However, such treat-
ments may be ineffective in 20—40% of cases, and a change of
antibiotics later may have a reduced probability of success.
Moreover, antibiotic misuse or overuse may result in increasingly
resistant strains of bacteria. A fast antibiogram is a big challenge
which may save lives and reduce health care costs. Moreover, it
may allow us to prevent the spreading of dangerous resistant strains
as well as to preserve some strategic antibiotics which sometimes
are the only therapeutic option [4-7].

Some of the most extensively prescribed antibiotics are the
fluoroquinolones, like ciprofloxacin, norfloxacin, or moxifloxacin.
These antibiotics bind to the DNA topoisomerases attached to
DNA, DNA gyrase, and /or topoisomerase IV, DNA gyrase being
the preferential target in gram-negative bacteria. This binding
results in ternary complexes of quinolone-topoisomerase-
DNA. After the formation of the ternary complex, a DNA double-
strand break (DSB) is produced by the topoisomerase, but bound
quinolone inhibits the subsequent ligation of the DNA ends by
trapping the topoisomerase. These cleaved complexes are distrib-
uted throughout the bacterial chromosome, resulting in DNA
fragmentation and subsequent cell killing [8, 9].

Resistance to fluoroquinolones is increasing worldwide, being
of great concern in health-care policy. The most habitual mecha-
nism of resistance is the target modification by mutations in the
genes encoding the subunits of DNA gyrase or/and topoisomerase
IV. Moreover, the intracellular concentration of the drug may be
reduced due to changes in drug permeation or overexpression of
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efflux pumps. A progressively more important mechanism of resis-
tance is the target protection through plasmid-mediated quinolone-
resistance genes [10-13]. These different mechanisms may
combine resulting in high-level resistance. In any case, resistance
to fluoroquinolones results in absence or decrease of the amount
of lethal DSBs.

We developed a patented procedure to determine, in situ, the
presence of chromosomal DNA fragmentation in microorganisms,
at the single-cell level [14-17]. The cells are immersed in an inert
microgel on a slide and incubated in a specific lysing solution that
removes the cell wall, membranes, and proteins. The nucleoids are
stained with a highly sensitive fluorochrome and visualized under a
fluorescence microscope. If the bacterial cell is susceptible to the
fluoroquinolone, after incubation with the antibiotic it will show the
chromosomal DNA fragmented into pieces. The fragments spread
from the residual core, showing halos of peripheral diffusion of
DNA fragments. The greater the fragmentation, the greater the
number of DNA spots and the greater the circular surface area of
diffusion. Otherwise, if the bacterium is resistant, the nucleoids
appear intact or with much fewer DNA fragments. As of now, the
procedure has been successfully validated in 923 clinical isolates
from Escherichin coli (n = 163), Acinetobacter baumannii (n = 322),
Pseudomonas aeruginosa (n =229), Klebsiella pnewmonine (n=189),
Klebsielln oxytoca (n = 4), Enterobacter cloacae (n = 6), Proteus mira-
bilis (n = 5), and Proteus vulgarvis (n = 5) [16, 17]. The Micromax®
assay showed 99.83% sensitivity and 100% specificity in determining
resistance to ciprofloxacin, levofloxacin, and norfloxacin.

This technical processing is performed in 40 min. The routine
determination of the susceptibility or resistance of gram negative
bacteria to fluoroquinolones is established in 80 min, including the
40 min of antibiotic incubation.

2 Materials

2.1 Reagents
and Technical
Equipment

. 37 °C incubator (with shaking).

. 90-100 °C and 37 °C incubation bath(s).
. 4 °C fridge.

. Microwave oven.

. Fume hood.

(o NS A B O I S

. Epifluorescence microscope with appropriate filter for SYBR
Gold and objective 100x.

7. Plastic gloves.

o)

. Micropipettes and tips.
9. Lancet.
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2.2 Staining
for Fluorescence
Microscopy

10.
11.

12.
13.
14.

15.
16.
17.
18.

Plastic tubes (10 or 15 mL).

96-well sterile microtiter plate with lid or 0.5 mL Eppendorf
tubes.

Trays for horizontal incubations.
Glass slide covers (18 x 18 mm or 22 x 22 mm).

Culture media: Mueller-Hinton (MH) broth and MH agar
plates.

Distilled water.
Ethanol 70, 90, and 100%.
Fluoroquinolone.

Micromax kit® prototype (ABM technologies LLC, Navasota,
TX). The kit contains coated slides, Eppendorf tubes with low-
melting point agarose and a bottle with 125 mL of lysing
solution.

. SYBR Gold nucleic acid gel stain (Life Technologies, Carlsbad,

CA, USA), 10,000x concentrate in DMSO.

. Tris Borate EDTA (TBE) buffer 1x (0.09 M Tris-borate,

0.002 M EDTA, pH 7.5).

. Staining solution: SYBR Gold (2.5 pL./mL) in TBE buffer.

3 Methods

3.1 Bacterial Culture
and Incubation
with the Antibiotic

. Select a colony from a 16-24 h plate culture and grow in 2 mL

of Mueller-Hinton broth for 2 h at 37 °C with shaking (see
Note 1).

. Dilute the bacterial culture in culture medium to a concentra-

tion of 1 x 108 cells/mL. It can be done using a spectropho-
tometer or a nephelometer (see Note 2). When a
spectrophotometer is used, 1 x 10% cells/mL are equivalent to
an optical density at 600 nm (ODgyy) of 0.1. When a nephe-
lometer is used, 1 x 103 cells/mL are equivalent to 0.5
McFarland units.

. Use a sterile 96-well microtiter plate with lid or 0.5 mL

Eppendorf tubes for the incubation of bacteria with the antibi-
otic (see Note 3). For each strain to be analyzed, two wells (or
two tubes) are required: one for the control without antibiotic
and another to incubate bacteria with the dose of antibiotic
corresponding to the breakpoint of susceptibility, according to
the indications of the criterion of the Clinical and Laboratory
Standards Institute (CLSI) or the European Union Committee
on Antimicrobial Susceptibility Testing (EUCAST).
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Assay Procedure
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11.

12.
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To prepare each well combine 24 pL of bacterial culture
and 6 pL of an antibiotic solution at the appropriate concentra-
tion (or 6 pL of distilled H,O in the control without antibi-
otic). Incubate bacteria with the antibiotic for 40 min at 37 °C.

. For the microgel embedding of a cell suspension (see Note 4),

first melt agarose in a low-melting point agarose Eppendorf
tube, supplied with the Micromax kit, by putting it in a
90 °C-100 °C water bath. The tube should be placed in a foam
float so that the top of the tube is at the level of water. Then,
leave the floating tube in a water bath at 90-100 °C, until the
agarose melts, i.e., around 5 min. Alternatively, melt the aga-
rose in a microwave oven.

. Transfer the agarose Eppendorf tube, with the float, to a water

bath at 37 °C and incubate for 5 min until the temperature has
stabilized (see Note 5).

. Add 30 pL of the bacterial culture to the agarose Eppendorf

tube and gently mix it with the micropipette, avoiding produc-
tion of air bubbles.

. Deposit the cell suspension from the agarose Eppendorf tube

onto the coated side of a slide provided in the kit, and cover it
with a glass coverslip, avoiding trapping air bubbles. A sample
size of 10 or 20 pL is recommended for an 18 x 18 mm or
22 x 22 mm coverslip respectively (see Note 6).

. Place the slide horizontally on a cold surface, for example a

metal or glass plate precooled at 4 °C.

. Place the cold plate with the slide in the fridge at 4 °C for

5 min, to allow the agarose to solidify.

. While the slide is in the fridge, deposit 10 mL of the lysing solu-

tion provided in with the kit into a tray with dimensions slightly
larger than that of a conventional glass slide (see Note 7).

. Remove the coverglass by sliding it gently, and immediately

immerse the slide in a horizontal position into the lysing solu-
tion. Incubate it there for 5 min at room temperature (22 °C)
(see Note 8).

. Pick up the slide with the help of a lancet and horizontally

immerse it for 3 min in a tray containing abundant distilled
water to wash oft the lysing solution. Wear gloves.

To fix the cells, immerse the slide in the horizontal position in
trays with increasing concentrations of cold ethanol (70, 90,
and 100%). Incubate for 2 min at each concentration.

Dry the slide horizontally at room temperature or in an oven
at 37 °C.

After drying, place the slide in a microwave oven at 750 W for
4 min. When the slide has cooled, it can be immediately stained
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3.3 Analysis
and Classification
of the Sample

13.

14.

or alternatively may be stored in archive boxes at room tem-
perature in the dark for several months.

To stain the slide add to it 100 pL of staining solution (SYBR
Gold in TBE buffer, 2.5 pL./mL). Cover the slide with a
24 x 60 mm coverslip and incubate for 2 min in the dark (see
Notes 9 and 10).

After the incubation, carefully remove the coverslip and briefly
wash the slide in TBE buffer. Then cover with a new
24 x 60 mm coverslip (see Note 11).

. Examine the sample using a 100x immersion oil objective.

Depending on the level of damage, the nucleoids can be
divided into three categories:

*  Nucleoids without damage: those that spread loops of intact
DNA from the central core (see Fig. 1a, c, e, ).

*  Nucleoids with low level of damage: those that release halos
of loops of intact DNA with few peripheral DNA frag-
ments (see Fig. 1d).

*  Nucleoids with high level of damage: those that present big

halos of spots of broken DNA diffused from the residual
core (see Fig. 1b).

. After incubation with the antibiotic dose corresponding to the

breakpoint of susceptibility (see Note 12), the strains are cate-
gorized as:

—  Susceptible strains (see Fig. 1la—d): show nucleoids with frag-
mented DNA (see Fig. 1b, d). Strains with MIC close to the
breakpoint of susceptibility show nucleoids with low level
of DNA damage (see Fig. 1d). The lower the MIC of the
strain, the higher the degree of damage of its nucleoids.

—  Non-susceptible (vesistant) strains (see Fig. le, f): show
intact nucleoids (see Fig. 1f).

4 Notes

. We observed that, depending on whether the culture is in log-

arithmic or stationary phase, bacteria respond differently to the
antibiotic. When bacteria are in logarithmic phase, the response
to an antibiotic is more uniform, and is in general higher, than
when it is in stationary phase. To eliminate variability and
improve the results, we always start from a culture in logarith-
mic growth phase.

. Cell density within the agarose matrix should not be exces-

sively high in order to avoid the overlapping of cells, and not
too broadly spread to facilitate rapid visualization.
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Fig. 1 Three strains of Escherichia coli processed to visualize the nucleoids to determine the susceptibility or
resistance to ciprofloxacin. The breakpoint concentration of susceptibility for ciprofloxacin in E. coli, according
to the CLSI criterion [18], is 1 ug/mL. The bacteria were exposed to 0 pg/mL (first column, /eft. a, ¢, e) and 1
pg/mL of ciprofloxacin (second column, right: b, d, f). First strain (first line: a, b) is susceptible to the quinolone
(MIC: 0.012 pg/mL). Second strain (second line: ¢, d) is in the limit of susceptibility (MIC: 1 pg/mL). Third strain
(third line: e, f) is resistant (MIC: 4 ug/mL). After incubation with the quinolone dose, the highly susceptible
strain shows massively fragmented DNA (b), the less susceptible strain reveals a low level of DNA fragmenta-
tion (d), whereas the nucleoids appear intact in the resistant strain (f)

3. The final concentration of antibiotic to be added to the well
should correspond to the breakpoint of susceptibility, i.e., the
antibiotic concentration used to define isolates as susceptible.
The Clinical and Laboratory Standards Institute (CLSI) and
the European Union Committee on Antimicrobial Susceptibility
Testing (EUCAST) are the international standard-setting
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10.

11.

groups who set breakpoint for antibiotics, and they regularly
publish guidelines with updated data.

. The purpose of microgel embedding is to provide an inert sup-

port for cells, so they can be processed in a suspension-like
environment, but on a slide. This way, they can be easily han-
dled to be incubated in the solutions, avoiding centrifugations.
Moreover, possible DNA fragments of relative high size that
would be removed to the medium if cells were lysed in suspen-
sion, would be retained in the agarose matrix.

. It is important to mix the cell suspension with the liquid aga-

rose when the latter has stabilized at 37 °C, to avoid cell dam-
age by heat.

. We recommend using the same slide for both the microgel

from the control culture without antibiotic and the microgel
from the culture incubated with the antibiotic. This way, both
samples will be processed simultaneously, eliminating the pos-
sible variability resulting from incubation on different slides.

. Itis recommended to manage the lysing solution under a fume

hood, since it is volatile and emits toxic fumes.

. The lysing step removes the bacterial cell wall and proteins, so

the DNA loops that are packed inside the cell spread, produc-
ing halos emerging from a central residual core in those bacte-
ria without fragmented DNA. If the DNA is massively broken,
the lysing step allows the DNA fragments to ditfuse from the
residual core producing a big halo of DNA spots. The higher
the degree of DNA fragmentation, the bigger the spots halo
diffusing from the bacterial core.

. After being prepared, the staining solution can be stored at

4 °C for a long time.

Given the relatively small genome size of microorganisms, clas-
sical fluorochromes such as propidium iodide (PI), DAPI,
Hoechst 33,258, etc. are not appropriate for staining. In order
to visualize the small DNA fragments, it is necessary to use a
highly sensitive fluorochrome, such as one from the SYBR
family. SYBR Gold provides excellent sensitivity and photosta-
bility in comparison with other fluorochromes from the same
family, giving an accurate visual assessment under the fluores-
cence microscope. Antifading solution was not used, since it
diminishes the contrast between the small DNA dots and the
background.

The analysis of the sample under fluorescence microscopy
should be done immediately after staining to avoid drying.
Alternatively, after staining, the slide may be stored at 4 °C for
hours in a humid chamber, in the dark, to prevent drying. If'it
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dried, the coverslip may be removed by incubation in TBE
buffer and, after a briet wash, may be restained again.

12. As an internal control, it is recommended to process a suscep-
tible and a resistant control strain. After processing, nucleoids
of the susceptible control strain should reveal its usual DNA
fragmentation, whereas nucleoids of the resistant control strain
should be intact, thus validating the technique and the results

of the other samples.

This work was supported by Fondo de Investigaciones Sanitarias
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Chapter 8

Rapid Detection of Apoptosis in Cultured Mammalian Cells

Igor Kudryavtsev, Maria Serebryakova, Liudmila Solovjeva,
Maria Svetlova, and Denis Firsanov

Abstract

Flow cytometry is a powerful tool for the analysis of apoptosis, the process that directly determines cell fate
after the action of different stresses. Here, we describe a flow cytometry method for the assessment of early
and late stages of apoptosis in non-fixed cultured cells using SYTO16, DRAQ7, and PO-PRO1 dyes simul-
taneously. This multicolor flow cytometry procedure requires 45 min for completion and provides a quan-
titative assessment of cell viability. It can be useful in evaluating the cytotoxic properties of new drugs, and
antitumor interventions.

Key words Flow cytometry, Apoptosis, Fluorescent nucleic acid dyes, PO-PRO-1, DRAQ7, SYTO16

1 Introduction

Flow cytometry is one of the best methods to identify and quantify
apoptotic cells as well as to study mechanisms associated with this
type of cell death. Multicolor flow cytometry allows simultaneous
identification of cells at different stages of apoptosis in a single
sample tube. The number of fluorochromes having nonoverlap-
ping spectra dramatically increased during the last decade, and it
became possible to apply new and easy-to-use multiparameter
approaches for apoptosis detection. Multicolor flow cytometry is a
low-cost and effective method for evaluation of cytotoxic proper-
ties of novel drugs, particularly for antitumor therapy. Quantitative
cell viability assessment is necessary for all fields of experimental
research in cell biology.

Using three sources of excitation (lasers—with emission wave-
lengths 405, 488, and 638 nm), three DNA-binding dyes and
polychromatic flow cytometry, we have developed a protocol that
can be applied to cells undergoing apoptosis. Sample preparation
takes less than 45 min. The protocol is based on the application of
three DNA-binding dyes—PO-PRO-1, SYTO 16 green, and
DRAQ?7.

Vladimir V. Didenko (ed.), Fast Detection of DNA Damage: Methods and Protocols, Methods in Molecular Biology, vol. 1644,
DOI 10.1007/978-1-4939-7187-9_8, © Springer Science+Business Media LLC 2017
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YO-PRO-1 is a carbocyanine nucleic acid dye, which penetrates
cells through purinergic receptors encoded by P2RX7 gene, which
function as ligand-gated ion channels [ 1]. In living cells, YO-PRO-1
is not accumulated due to almost inactive membrane channels and
a very low transporting ability of the membrane. However during
the early stages of apoptosis, the channels become activated and the
plasma membrane loses asymmetry. These changes lead to the
intracellular accumulation of YO-PRO-1. YO-PRO-1 excitation/
emission wavelength maxima are 491 /509 nm. PO-PRO-1, which
is used in this protocol, is similar to the green fluorescent dye
YO-PRO-1in its ability to penetrate cells at the early stages of apop-
tosis, and differs from YO-PRO-1 only in excitation/emission
wavelength maxima that are 435,/455 nm.

SYTO 16 is a cell-permeant green-fluorescent dye that
enhances its fluorescence upon binding nucleic acids. SYTO 16 can
stain not only nuclear DNA, but also mitochondrial DNA and
cytoplasmic RNA. Viable cells always show intensive SYTO 16
staining, early apoptotic cells are characterized by less intensive
staining, and late apoptotic cells lose the ability to bind the dye.
The mechanisms of differential staining of viable and apoptotic
cells are unclear [2, 3]. Excitation and emission spectra of this dye
are similar to fluorescein isothiocyanate (FITC). SYTO 16 has
excitation wavelength maxima 488 nm in the presence of DNA,
and 494 nm in the presence of RNA, and emission maxima
518,/525 nm (DNA/RNA).

Deep red anthraquinone 7 (DRAQ?7) is a fluorescent DNA-
intercalating dye that does not permeate viable cells. It is able to
penetrate cells and nuclei only via damaged/fragmented mem-
branes [4]. DRAQY7 can be used for DNA staining in fixed cells or
for discrimination between viable and apoptotic cells. DRAQ?7 has
excitation wavelength maxima 599 /644 nm, and emission wave-
length maxima 678,/694 nm when the dye is intercalated into
double-stranded DNA.

The presented protocol was tested on human THP-1 mono-
cytic leukemia cells treated with camptothecin.

2 Materials

1. THP-1cells (see Notes 1 and 2).

2. PBS supplemented with 2% fetal bovine serum (FBS)—“wash
bufter.”

3. PO-PRO-1 iodide—1 mM solution in DMSO (Thermo Fisher
Scientific). Dilute PO-PRO-1 iodide from 1 mM stock solu-
tion in DMSO to 2.5 pM in sterile PBS immediately prior to
use (see Note 3).

4. SYTO 16 green fluorescent nucleic acid stain—1 mM solution
in DMSO (Thermo Fisher Scientific). Dilute SYTO 16 green
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from 1 mM stock solution in DMSO to 2.5 uM in sterile PBS
immediately prior to use.

. DRAQ7 Far-Red Fluorescent Live-Cell Impermeant DNA

Dye (Beckman Coulter). Dilute DRAQ7 from 300 pM stock
solution to 30 pM in sterile PBS immediately prior to use. Add
10 pL of 30 pM DRAQY7 per 90 pL cell sample to the final
concentration of 3 pM.

. 12 x 75 mm tubes suitable for flow cytometer (in the current

example: 5 mL tubes).

. Flow cytometer with 405, 488, and 638 nm excitation wave-

lengths and filters for the collection of blue, green, and red
fluorescence (in the current example—Navios flow cytometer
equipped with violet, blue, and red solid state diode lasers and
filters 450 =+ 50 nm, 525 + 40 nm, and 725 + 20 nm (Beckman
Coulter).

3 Method

The duration of the procedure is 45 min.

1.

Collect—a sample of untreated and camptothecin-treated cells
from a 96-well plate (from each well, take 200 pL of cell suspen-
sion in complete culture medium, 1-2 x 10° cells/mL) and
place them into 12 x 75 mm tubes suitable for flow cytometer.

. Add 4.5 mL of cold PBS to each tube.

. Centrituge cells for 5 min at 300-330 x g at room temperature

(RT).

4. Gently remove the supernatant by aspiration.

AN O

13.
14.

. Resuspend cell pellet in 100 pL of fresh PBS.
. Add 10 pL of 2.5 pM of SYTO 16 nucleic acid stain in PBS (see

Notes 4 and 5).

. Gently vortex the cells and incubate for 15 min at RT in the

dark.

. Add 4.5 mL of cold wash buffer into each tube (se¢ Notes 6

and 7).

. Centrifuge cells for 5 min at 300-330 x g at RT.
10.
11.
12.

Gently remove the supernatant by aspiration.
Resuspend cell pellet in 100 pL of fresh PBS.

Add 10 pL of PO-PRO-1 iodide solution and 10 pL of
DRAQY7 solution (these two solutions can be premixed before
the addition to the sample).

Gently vortex the cells and incubate for 5 min at RT in the dark.
Add 300 pL of fresh PBS to make the final volume of 400 pL.
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15. Analyze all samples by a flow cytometer.

16. Collect at least 15,000 cells per each sample.

17. Data analysis:

(a)

Using dot plot “forward scatter versus side scatter” (“ES
versus S§”), adjust the voltages to be able to see the whole
cell population.

(b) Using samples of cells separately stained with each fluores-

(c)

cent dye, adjust the voltages for fluorescent channels. Using
PO-PRO-1-stained sample of cells with induced apoptosis
(positive control), adjust the voltage for the channel used
for detection of fluorescence with the wavelength 450 =
50 nm. Place the cell population of unstained live cells
(negative control) in the middle of the first “decade” of the
logarithmic scale and check the settings obtained previously
with the positive control. Using SYTO 16 green-stained
sample of cells, adjust the voltage for the channel used for
detection of fluorescence with the wavelength 525 =
40 nm. Place the population of live cells with SYTO 16
green bright fluorescence at the border of the last and the
penultimate “decades” of the logarithmic scale. Using
DRAQ 7-stained cells, adjust the voltage for the channel
used for detection of fluorescence with the wavelength 725
+ 20 nm. Place the population of unstained cells in the mid-
dle of the first “decade” of the logarithmic scale.

Check the voltages for fluorescent channels using samples
of FMO-controls. FMO controls help to determine gating
boundaries (see Note 8).

(d) Bivariate dot plot “PO-PRO-1 versus DRAQ?7” reveals

three distinct subsets: viable cells remain impermeable to
both dyes (gate “Viable” on dot plot A and B, Fig. 1);
early apoptotic cells are permeable for PO-PRO-1, but
they are still impermeable for DRAQ7 (gate “Po-Pro-1 +
DRAQ7-" on dot plot A and B, Fig. 1); and late apop-
totic/necrotic cells can be subsequently labeled with both
DNA binding dyes (gate “Po-Pro-1 + DRAQ7+” on dot
plot A and B, Fig. 1).

Bivariate dot plot “Syto 16 green versus DRAQ7” reveals
three distinct subsets: viable cells effectively include Syto
16 green and are impermeable for DRAQ7 (gate “Viable”
on dot plot C and D, Fig. 1); early apoptotic cells are Syto
16 green “dim,” but they are still impermeable for DRAQ7
(gate “S16dimDRAQ7—“on dot plot C and D, Fig. 1);
and late apoptotic/necrotic cells progressively loose SYTO
16 green fluorescence and gain bright DRAQ7 staining
(gate “Sl6dim-to-low DRAQ7+” on dot plot C and D,
Fig. 1) (see Note 9).



Apoptosis Detection by Multicolor Flow Cytometry

A . [THP-1]
1  |Po-Pro-1+DRAQ7+ : 2,37%
102?
|
< w{
§ 1 [Po-Pro-1+DRAQ7-: 1,51%
Q .
10°+
04 - ,
|Viable : 96,06%
6 l(ll“ 16' 161 10°
PO-PRO
C . [THP-1]
iS16dim-to-lowDRAQ7+ :
12,31%
102?
]
< 0 S -
§ {$16dimDRAQ7- : 0,56% |
Q ] .
lﬂ"@
0_

Viabjle : 97,02%

0 10° 10! 102 103

SYTO 16 green

B

DRAQ7

DRAQ7

109

[THP-1]

103
Po-Pro-1tDRAQ7+ : 60,43%
102 .
101- PuE— v -
Po-Pro-1+DRAQ7- : 7,96%
-"]U_
04 -
Viable : 31,53%
0 100 10t 102 10
PO-PRO
. [THP-1] |
S16dim-to-lowDRAQ7+ :
60,35% :
102 R
lol-

$16dimDRAQT- : 8,40% |

Viablle : 30,84%

0 10° 10! 102 10°

SYTO 16 green

Fig. 1 Flow cytometry-based detection of early and late stages of apoptosis using three DNA-binding dyes.
(@, c)—unexposed THP-1 cells. (b, d—THP-1 cells exposed to 5 pM camptothecin. Cells were stained with
PO-PRO-1 (a and b), or SYTO 16 green (c and d). All cells were additionally stained with DRAQ7. Viable, non-
apoptotic/non-necrotic cells: gate “Viable” (a—d). Early stage of apoptosis cells: gate “Po-Pro-1 + DRAQ7-"
(@ and b), and gate “S16dimDRAQ7-" (c and d). These cells are DRAQ7-negative, but are permeable to
PO-PRO-1 or have “dim” fluorescence of SYTO 16 green. Late stage of apoptosis and necrosis: gate "Po-Pro-1
+ DRAQ7+” (a and b), and gate “S16dim-to-low DRAQ7+” (¢ and d). At the late stage of apoptosis and in
necrosis the cells became DRAQ7 positive and lost the ability to bind SYTO 16

4 Notes

1. THP-1cells were cultured in RPMI 1640 medium supple-
mented with 10% fetal bovine serum (FBS), 100 units/mL pen-
icillin, and 100 pg/mL streptomycin at 37 °C in a humidified
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atmosphere with 5% CO,. For experiments, cells were seeded in
96-well plates. To induce apoptosis, cells were treated for 24 h
with 5 pM camptothecin.

. Always use a sample of apoptotic cells as a positive control and

a sample of untreated cells as a negative control. For the prepa-
ration of a positive control, use standard and well-known
inducers of apoptosis—camptothecin, staurosporine, etc.
Control cells should be processed in parallel with the investi-
gated sample.

. All stock solutions should be stored according to the manufac-

turer’s instructions: working solutions of PO-PRO-1, SYTO
16 green and DRAQY are stable for at least 1 week if they are
sterile, stored at 4 °C, and protected from direct light. It is
recommended to use freshly prepared working solutions and
protect them from direct light at all times.

. Samples stained with fluorescent dyes are not photostable;

therefore, store them in the dark before the analysis.

. SYTO 16 green concentration should be optimized for each

cell type. Although the final concentration of SYTO 16 green
generally recommended for eukaryotic cells is 250 nM [5], in
some cases SYT'O 16 concentration as low as 4 nM was shown
to be sufficient [6].

. Wash step after staining with SYTO 16 green is important to

obtain reproducible data and helps to discriminate between
distinct cell subpopulations.

. When only PO-PRO-1 and DRAQ?7 are used (without SYTO

16 green), there is no need to wash samples prior to analysis. It
saves time and is advantageous for analysis of multiple samples.
Besides, it leaves the option to use 488 nm laser for excitation
of fluorophores conjugated to antibodies for analysis of addi-
tional parameters of viable cell population.

. Combining PO-PRO-1, SYTO 16 green and DRAQ7 does

not require compensation, but, for each type of cells, FMO
(fluorescence-minus-one) controls should be used.

. Simultaneous application of PO-PRO-1 and SYTO 16 green

with DRAQ?7 provides an additional internal control for viable
cells in each sample. In the case of PO-PRO-1 and DRAQ7
staining, live cells are double negative. This population of cells
may also contain different DNA-free fragments including large
protein aggregates, small apoptotic bodies, and others. In the
case of SYTO 16 green and DRAQY7 staining, all live cells are
SYTO 16 green-“bright.” Therefore, the purity of different
cell samples can be assessed by comparing their PO-PRO-1
and SYTO 16 dot plots. This is especially important when you
are working with primary cell cultures or cells from different
homogenized tissues.
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Chapter 9

Quick Detection of DNase lI-Type Breaks in Formalin-Fixed
Tissue Sections

Candace L. Minchew and Viadimir V. Didenko

Abstract

Blunt-ended DNase II-type breaks with 5" hydroxyls are generated in phagocytic cells of any lineage dur-
ing digestion of the engulfed DNA. These breaks indicate the ongoing active phagocytic reaction. They
are produced by the acid deoxyribonuclease-DNase IT which is the primary endonuclease responsible for
DNA degradation after its engulfment.

Here, we present an express approach that detects blunt-ended 5° OH DNA breaks in fixed tissue
sections. The technique is simple to perform and takes only 60 min to complete. It can be useful in studies
of the clearance of dying cells in oncological, inflammatory, and autoimmune disorders.

Key words Phagocytic digestion of DNA, Labeling of phagocytosis, Phagolysosomes, Clearance of
cell death, Express detection of DNase 1T cleavage, 5 OH DNA probes

1 Introduction

DNA breaks bearing 3’ phosphates and 5 hydroxyls occur in pha-
golysosomes of those phagocytic cells that engulfed nuclear material
from dying cells. They are produced by DNase II—a key endonu-
clease in the phagocytic degradation of DNA from apoptotic nuclei
[1]. The amino acid sequence of this enzyme is highly conserved
and close homologs of mammalian DNase II are present in inverte-
brates, such as worms and flies, which indicates its importance. The
enzyme is located in lysosomes and is active in acidic conditions
when it hydrolyzes the phosphodiester bonds in DNA [1].

Two difterent isoforms of lysosomal nucleases have been iden-
tified so far—DNase IIla and DNase IIf [2—4]. The primary lyso-
somal enzyme is DNase Ila, often referred to as DNase II. This
enzyme is expressed in all animal tissues. In contrast, DNase IIf
has a limited tissue distribution that varies between species. In mice
it degrades nuclear DNA during lens cell differentiation [5] and is
specifically expressed in liver [5], yet in human tissues it is absent
from the liver but is highly expressed in the salivary gland [4].
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Overall, the ubiquitous expression pattern of DNase II (DNase
Ila) and its presence in all tissues confirms that it is the principal
lysosomal DNA digestion enzyme, whereas DNase 1Ip performs
specialized functions in selected tissues in different mammalian
species and may also function as a secreted enzyme [1, 4].

Both isoforms of lysosomal DNase II produce DNA breaks
that contain 3’ PO,/5" OH at the ends. DNA breaks having this
configuration are often referred to as DNase II-type breaks [6-8].
This sort of DNA cleavage differs from DNA cuts produced by
DNase I, DNase I-like nucleases, and caspase-activated deoxyribo-
nuclease (CAD), which all create the reversed 3 OH /5’ PO, end-
group pattern. Such DNase I-type breaks are produced in apoptotic
execution and are used as specific markers of apoptotic cells [9—
11]. In the same way, the DNase II-type breaks serve as character-
istic markers of DNase II activity and indicate the digestion of
engulfed DNA [7]. Specific detection of these breaks in cells in
fixed tissue sections indicates the ongoing active phagocytic reac-
tion and labels phagocytes of any lineage participating in active
clearance of dead cells [12].

Here, we present an express version of the technique which
labels DNase II-type DNA breaks. The protocol takes only 60 min
to complete. The increased speed of the assay is enabled by two
factors: the quicker processing of sections, and the use of the ultra-
tast labeling enzyme—vaccinia topoisomerase (see Note 1).

The described approach selectively labels blunt-ended 5" OH
DNA breaks in formaldehyde-fixed, paraffin-embedded tissues.
The detected type of DNA breaks localize in phagolysosomes of
phagocytizing cells and are produced by DNase II. The brightly
labeled phagolysosomes filled with semi-digested DNA can be eas-
ily identified in the cytoplasm of phagocytic cells under fluores-
cence microscope observation (Fig. 1).

The technique does not label single-stranded DNA breaks or
DNase I-type cleavage, such as the caspase-initiated apoptotic
DNA fragmentation producing DNA breaks with 5’ PO, instead
of 5 OH. Instead, the labeling indicates the active phagocytic
clearance of dying (either apoptotic or necrotic) cells. The assay is
simple, economic, and fast. It can be easily mastered by a researcher
new to the field of in situ labeling (see Note 2).

The assay utilizes the unique enzymatic properties of vaccinia
DNA topoisomerase I (TOPO), a virus-encoded eukaryotic type
IB topoisomerase. When applied to tissue sections this enzyme
specifically attaches the preactivated blunt-ended hairpin-shaped
oligoprobes to the 5" OH ends of blunt-ended DNA breaks. This
type of ligation is not possible for DNA ligases which all require 5’
PO, at DNA ends. However, vaccinia topoisomerase I used in this
assay joins DNA molecules employing a different mechanism.

In nature this topoisomerase untwists cellular DNA to release
its torsional stress. At first the enzyme binds to the specific
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Fig. 1 Phagolysosomes in macrophages clearing apoptotic cells. Phagolysosomes
in the cytosol of macrophages, which engulfed apoptotic cells, are brightly
labeled by the TOPO assay (FITC—green fluorescence). Nuclei of macrophages
are visualized by DAPI (blue fluorescence). Rat thymus 24 h after injection of
dexamethasone [7, 12]. Bar, 50 pm

@ TOP0

=

OLIGO |

| o ',\ ccerT O * D /\J
NEJ" 5 %OH
\ * THRIN

Probe Activation Active Probe DNA Breaks Detection

Q

DNase |l-type ends

Fig. 2 Assay for detection of DNase lI-type breaks in tissue sections. Left: TOPO binds to the recognition
sequence in the double-hairpin oligo and cleaves it activating left hairpin for ligation to 5 OH DNA termini.
Center. Active Probe—fluorescent complex of oligo and TOPO covalently linked at the ligatable 3’ end of the
hairpin (asterisK). Right: Active probe specifically ligates to the 5’ OH double stand DNase Il-type break gener-
ated by DNase Il in phagocytic cells digesting engulfed chromatin

recognition sequence and makes a single-strand cut at its end thus
freeing an opposite 5° OH DNA terminus. The DNA molecule
then rotates around the remaining strand and releases the stress.
Next, TOPO re-ligates the DNA strand back to the momentarily
released 5° OH DNA terminus. The assay uses this re-ligation
activity of the topoisomerase to detect DNase II breaks with 5’
OH ends. Its labeling principle is presented in Fig. 2 (see Note 1).

This chapter presents a step-by-step express labeling protocol
which requires 1 h to complete. The protocol deals with the rapid
preparation and usage of fluorescent TOPO probes in fixed tissue
sections to label the phagocytic clearance of dying cells.
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2 Materials

1.

5-6 pm-thick sections cut from paraformaldehyde-fixed,
paraffin-embedded tissue blocks. Sections of different thick-
nesses (3-50 pm-thick) can potentially be used but might
require different time of dewaxing and/or Proteinase K treat-
ment (step #3). Use charged and precleared slides that retain
sections well.

For the positive control experiments, as the source of DNase
II type DNA breaks, we recommend using sections of
dexamethasone-treated rat thymus (see Note 3).

. Xylene.
. 70, 80, and 96% Ethanol.

. Oligo 1. Double-hairpin vaccinia topoisomerase I cleavable

oligonucleotide. The oligonucleotide is labeled with a single
fluorescein.

5-AAGGGACCTGCFGCAGGTCCCTTAACGCAT
ATGCGTT-3;

F - FITC-dT

PAGE or HPLC purification is recommended. Dilute with

bidistilled water to 100 pmol/pL. stock concentration.
Store at =20 °C protected from light.

. Vaccinia DNA topoisomerase 1-6 pmol /pL stock (see Note 4).

6. 50 mM Tris-HCI, PH 7 4.

. Proteinase K (Roche Diagnostics Corporation, Inianapolis,

IN) 20 mg/mL stock in distilled water. Store at —20 °C. In the
reaction use 50 pg/mL solution in PBS, prepared from the
stock. Do not reuse (see Note 5).

. Vectashield with DAPI (Vector Laboratories, Burlingame, CA).

9. Phosphate-buffered saline (1x PBS): dissolve 9 g NaCl, 2.76 g

10.

NaH,PO,-H,0, 5.56 g Na,HPO,-7H,O in 800 mL of dis-
tilled water. Adjust to pH 7.4 with NaOH, and fill to 1 L with
distilled water.

Fluorescent microscope with appropriate filters and objectives.

3 Method

3.1 Labeling 5' OH
Blunt-Ended DNA
Breaks in Tissue
Sections

. Place the sections in a slide rack and dewax in xylene for 5 min,

ransfer to a fresh xylene bath two more times for an additional
2 min each. For each transfer, dip cassette up and down three
times (see Note 6).
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. Rehydrate by passing through graded ethanol concentrations:

96% Ethanol—2 x 2 min; 80% Ethanol—2 x 2 min; 70%
Ethanol—2 min; water—2 x 2 min. For each transfer, dip cas-
sette up and down three times (see Note 6).

. Digest section with Proteinase K. Use 100 pL of a 50 pg/mL

solution per section. Incubate for 10 min at room temperature
(23 ° C) in a humidified chamber (se¢ Note 7).

. Rinse in distilled water for 3 x 2 min. For each transfer, dip

cassette up and down three times (se¢ Note 6).

. While sections are rinsing, combine 100 pmoles of Probe 1

and 100 pmoles (3.3 pg) of TOPO in a solution of 50 mM
Tris-HCL, pH 7.4 (see Note 8). Use 100 pL of this reaction
solution per section.

. Aspirate water from sections and apply the labeling mix con-

taining the oligoprobes and TOPO enzyme.

. Incubate for 15 min at room temperature (23 °C) in a humidi-

fied chamber, protected from light.

. Wash sections 3 x 2 min in distilled water. For each transfer,

dip cassette up and down three times (se¢ Note 6).

. Cover sections with an antifading solution (Vectashield with

DAPI), coverslip and analyze the signal using a fluorescent
microscope. Double-strand DNA breaks with 5" OH will fluo-
resce green.

4 Notes

. TOPO can perform the specific ligation to 5" OH ends in tissue

sections in 15 min [13]. This high speed of attachment is
explained by the intrinsically fast ligation activity of the vaccinia
topoisomerase enzyme. In the kinetic analysis of DNA strand
cleavage and ligation reactions, this topoisomerase demonstrated
ligation of 85% of oligoprobes within a 15 s interval [14].

The detailed analysis of various probe designs and this label-
ing approach that uses vaccinia topoisomerase are discussed
elsewhere [7, 13].

. The other assays commonly used for detection of fragmented

DNA in fixed cells rely on labeling of 3" OH groups (TUNNEL
assay) or 5’ POy groups (in situ ligation) and cannot label the
same marker [7-9].

. Apoptotic thymus contains both DNase I type and DNase 11

type DNA breaks [15] and is useful in control experiments. To
make apoptotic thymus, subcutaneously inject Sprague-Dawley
rats (150 g) with 6 mg/kg dexamethasone (Sigma) dissolved
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in 30% dimethyl sulfoxide in water. Animals should be sacri-
ficed 24 h post injection. To fix the thymus, incubate it for 18
h in 4% paraformaldehyde. For parathin embedding, pass the
tissue through graded alcohols finishing with 100% ethanol,
then place it overnight in chloroform and embed in paratfin.

4. Highly concentrated TOPO, which works well with the
described assay, can be purchased from Millipore, sold as a part
of the ApopTag® ISOL Dual Fluorescence Apoptosis Detection
Kit. We have also used the highly concentrated preparation of
this enzyme obtained from Vivid Technologies (Houston, TX).

5. At concentrations higher than 1 mg/mL proteinase K is very
stable and can be stored for years at =20 °C. At low concentra-
tions (~10 pg/mL) it is less stable and its activity gradually
decreases due to autolysis [16].

6. We consider the cassette dipping important for speeding up
the processing of sections. The gentle and consistent dipping
enhances the interaction between the section and the dewax-
ing (or washing) solution due to the increased convection.

7. The duration of Proteinase K digestion may need adjustment
depending on the tissue type. Harder tissues might require
longer digestion. Times of 10 min are usually used. The com-
plete omission of the digestion step results in a weaker signal.
On the other hand, overdigestion can result in signal disap-
pearance and disruption of entire section.

8. In the initial experiments we used 215 pmoles (7.1 pg) of the
enzyme per section in 25 pL of the reaction mix. However, the
topoisomerase concentration can be significantly reduced
without any loss of sensitivity. We later used four times less of
the enzyme per section 53 pmol (1.76 pg per section) with
similar results. Reducing the amount of enzyme to 26 pmol
(880 ng per section) resulted in a weaker signal and 266 fmol
(8.8 ng per section) of enzyme produced no signal.
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Chapter 10

Express y-H2AX Immunocytochemical Detection of DNA
Damage

Nate Hopp, Jodi Hagen, Birte Aggeler, and Alexander E. Kalyuzhny

Abstract

DNA can be damaged by many environmental factors including chemical agents and ionizing radiation
which induce the formation of DNA double-stranded breaks (DSBs). If DSBs are not repaired in a timely
fashion this may cause the disruption of genome integrity, which can result in cancer development.
Typically, DSBs are followed by phosphorylation of histone protein H2AX, a member of the H2A family.
Immunocytochemical detection of phosphorylated H2AX (e.g., y-H2AX) appears to be a useful technique
for assessing DNA damage. Such an assessment is easy to do by analyzing labeling for y-H2AX under the
microscope and does not require an expensive laboratory setup. Using Hela cells treated with camptoth-
ecin as a model, we developed an easy-to-run protocol to analyze DSBs. Our protocol can be applied to
testing the potency of different chemicals to induce DSBs in different types of cells and requires around
2 h to complete.

Key words HelLa, y-H2AX, Phosphorylated H2AX, Camptothecin, Double-strand DNA breaks

1 Introduction

Histones are highly conserved alkaline proteins that make up the
core structure of the nucleosome. There are five families of his-
tones: H1 /H5, H2A, H2B, H3, and H4. The core histones form
an octamer comprised of a pair of H2A-H2B dimers and a H3-H4
tetramer [1]. 147 DNA base pairs wrap around the octamer 1.65
times in a left-handed super helical turn to form the nucleosome
[2]. In eukaryotes the nucleosome is the fundamental subunit in
the chromatin, in which DNA is wound up in tight spools. This
organizational structure allows for the 1.8 m of human DNA to
condense to about 90 pm.

Histones were first isolated in the 1884 by Albrecht Kossel,
who characterized nucleic acids. For many years, histones were
thought to just be a storage platform to condense the chromatin.
That theory began to change in 1964 when Murray reported lysine
methylation modifications on isolated histones from calf'and rabbit
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thymus [3]. This discovery sparked the need to better understand
the structure of histones. Later in the 1980s, it became clear that
deletions and modifications to the core histones can also suppress
gene activation [4]. Today, we understand that histones undergo
numerous modifications that can affect many cellular activities,
such as gene regulation, DNA repair, mitosis, and meiosis [5, 6].
Each type of histone has its own small subset of variants that differ
slightly in their amino acid sequence, mostly in the N-terminus.
There are currently over 50 known histone variants [7].

These variants and subsequent modifications are beginning to
be well characterized, but understanding the downstream activity
and effects of these unique histones are mostly still a mystery [8].
Modifications include lysine methylation, arginine methylation,
arginine citrullination, lysine acetylation, and the phosphorylation
of serine, threonine and tyrosine residues. One such modification
is the phosphorylation of a serine at position 139 (human) of the
variant H2AX in response to double-stranded DNA breaks (DSBs)
[9]. Phosphorylated H2AX (referred to as y-H2AX) is created very
close to the site of a DSB and is thought to play a pivotal role as a
recruiter for the DSB repair machinery [10]. The repair sites of
DSBs, known as “foci,” can be visualized as nuclear aggregates
under fluorescent microscopy. This led to phosphorylated y-H2AX
becoming a valuable and widely used biomarker in research.

With the vast set of conditions and compounds that can induce
or repair DBS breaks there is a strong need for a rapid test. Thanks to
the development of highly specific antibodies for immunocytochem-
istry, it is now possible to complete tests in a short period of time and
analyze the staining results right away under the microscope.

In our study, we analyzed response of Hel.a cells to camptoth-
ecin treatment followed by immunofluorescence labeling for the
detection of y-H2AX.

2 Materials

2.1 CGell Culture

1. Hela Cells: Human Epithelial Cervix Adenocarcinoma, tenth
passage (American Type Culture Collection (ATCC),
Manassas, VA).

2. T75 flasks.
3. 1x Phosphate-buftered saline (PBS), pH 7 4.

4. Eagle’s Minimum Essential Medium (EMEM) supplemented
with 10% Fetal Bovine Serum and 1% Penicillin /Streptomycin.

5. 1x Trypsin EDTA reagent: Prepare a working solution of 1x
Trypsin EDTA by diluting 100 mL of 10x Trypsin EDTA into
900 mL of sterile deionized H,O.

6. Centrifuge allowing spinning 50 mL culture tubes at 500 x g.
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7. Hemacytometer to count lymphocytes under the microscope.
. Trypan Blue Dye to evaluate cell viability.
9. Upright microscope equipped with bright-field illumination

and phase contrast condenser.

. Reagent to induce DNA breaks: Prepare a 2 mg/ mL stock

solution of camptothecin in tissue culture grade dimethyl sulf-
oxide by adding 2 mg of camptothecin in 1 mL of DMSO and
store at —20 °C.

. Cell fixative: 4% Paraformaldehyde in 0.2 M Sorenson’s

Phosphate bufter made by mixing 0.2 M NaH,PO, with 0.2 M
Na,HPO, (4% PEA).

. Antibody Diluent reagent: 1x PBS, 0.3% Triton, 1% Normal

Donkey serum, 1% Bovine Serum Albumin, and 0.01% Sodium
Azide.

. Human Phospho-Histone H2AX (S139) Antibody (R&D

Systems, Minneapolis, MN).

. Donkey Anti-Rabbit IgG Northern Lights™ NL557-

conjugated Antibody (R&D Systems, Minneapolis, MN).

. Northern Lights Guard Mounting Media (R&D Systems,

Minneapolis, MN).

. DAPI to counterstain nuclei.

. Conventional fluorescence or laser scanning confocal

microscope.

3 Methods

3.1 Cell Culture

. Culture HeLa cells in EMEM culture media to a population

around 1—2 x 106 cells in a 37 °C/CO, humidified incubator
(see Note 1).

. In a sterile hood pour out old culture media and gently rinse

the cell layer with sterile PBS three times.

. Add 3 mL of Ix Trypsin—EDTA over the cell layer and place

the flask in a 37 °C/CO, humidified incubator for 5 min (see
Note 2).

. Once the cells become suspended, take the cells to a sterile

hood and gently aspirate the cells into a 50 mL culture tube.
Add 7 mL of EMEM to the tube and place in centrifuge.

. Centrifuge the 50 mL culture tube containing the cells at

500 x g for 5 min.

. Take the cells to a sterile hood and gently pour out the super-

natant. Resuspend the pellet by adding 2 mL of EMEM to the
tube and gently mix.
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3.2 Induction of DNA
Breaks by linhibiting
DNA Religation

3.3 Immunocyto-
chemical Detection
of DNA.

10.

. Mix 30 pL of cells with 30 pL. of Trypan Blue in a small vial

and pipette 10 pL. of mixture onto a hemacytometer with a
coverslip. Don't add more than 10 pL.

. Count the cells on the hemacytometer under a bright field

microscope (Note 3). Cells that were stained with Tripan Blue
are considered dead cells. By counting live and dead cells it is
posible to determine a percentage of live cells using this for-
mula: % live cells = (Tripan Blue stained cells /total number of
cells) x 100. For this experiment it is reccommended to main-
tain cell viability around 90-95%.

. Dilute your cells to a density of 5 x 10* cells per 1 mL of

EMEM.

Pipette 125 pL. of HeLa cells per well onto a 96-well CellCarrier
glass-bottom plate. Cover and incubate overnight in a 37 °C/
CO, humidified incubator.

. Calculate the working volume of reagent needed to induce

DNA breaks. Prepare 10 pM working solution of camptothe-
cin in EMEM by adding 1.74 pL of stock camptothecin per 1
mL of EMEM. Prepare serial dilutions of camptothecin at dif-
ferent concentrations into EMEM to achieve working
solutions.

. Transfer the plate with Hela cells from incubator into a sterile

hood. Remove the cover and aspirate the culture media from
well(s) that are to be treated and discard. Replace with 125 pL.
of working camptothecin solution to well(s) and incubate in a
37 °C/CO, humidified incubator (sec Note 4).

. Once the final incubation time(s) has been reached, the cells

will need to be fixed. Add 125 pL of the 4% PFA solution to
each well with culture media to achieve a 1:1 ratio of culture
media to 4% PFA. Cover and incubate the plate for 20 min at
room temperature.

. Wash the plate three times with PBS.

2. Make a working solution of the primary antibody anti- human

$139 phosphorylated H2AX protein (aka y-H2AX) in the anti-
body diluent buffer at a concentration of 1 pg/mlL.

. Add 100 pL of the diluted anti-y-H2AX antibody solution to

each well. Cover and incubate the plate for 1 h at room
temperature.

4. Wash plate three times with PBS.

. Make a working solution of the fluorescent secondary Donkey

Anti-Rabbit IgG NorthernLights™ NL557-conjugated anti-
body by diluting 1:200 in the antibody diluent bufter.
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Control 1 uM

Fig. 1 Confocal microscopy images of y-H2AX labeling in the nuclei of HeLa cells
untreated (control) and treated for 60 min with 1 uM camptothecin (red fluores-
cence). Cell nuclei were counterstained with DAPI (blue fluorescence). Note a
robust effect of camptothecin on inducing DSBs. Scale bar = 20 um

0 min 15 min 60 min

Fig. 2 Confocal microscopy images of y-H2AX labeling in the nuclei of HeLa cells treated for different periods
of time with 1 uM camptothecin (red fluorescence). Cell nuclei were counterstained with DAPI (blue fluores-
cence). Note an increase in y-H2AX labeling intensity with increasing duration of camptothecin treatment.
Scale bar = 20 um

6. Add 100 pL of the diluted fluorescent secondary antibody to
each well. Cover and incubate the plate at room temperature
for 30 min.

7. Wash plate three times with PBS.

8. To each well add 50 pL of DAPI mixed 1:10,000 in Northern
Lights Guard Mounting media and cover with the plate sealer
(see Note 5) (Figs. 1 and 2).

4 Notes

1. Use T75 flasks and follow ATCC recommendations for cultur-
ing and subdividing HeLa cells.

2. This treatment is designed to gently release cells from the sur-
face and disrupt cell-cell bonds to create a cell suspension by
using the proteolytic enzyme Trypsin. The 1x Trypsin—-EDTA
can take up to 15 min to suspend an adherent cell line, such as
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HelLa. Inspect the flask to make sure cells are starting to detach
after 5 min of incubation.

. Locate the center of the hemacytometer under the microscope.

There is a grid of 25 even squares. Count the total number of
cells in 10 of the squares and calculate the average cells per
square and multiply by 25 (total number of squares in that
area) and then multiply by 2 (cell dilution factor), and then
multiply by 10,000 to determine the number of cells in 1 mL
of original cell suspension.

. When performing cell stimulations with multiple time inter-

vals, it is recommended to start with the longest time (180
min) and end with the shortest time (15 min). This allows for
all stimulations to end at the same time and immediately pro-
ceed to the cell fixation step.

. Assay plate storage recommendations: at 4 °C for a week and

—20 °C for long-term storage.
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Chapter 11

Rapid Detection of y-H2AX by Flow Cytometry in Cultured
Mammalian Cells

Denis Firsanov, Liudmila Solovjeva, Olga Lublinskaya, Valeriy Zenin,
Igor Kudryavtsev, Maria Serebryakova, and Maria Svetlova

Abstract

Methods commonly used for detection of DNA double-strand breaks (DSBs) and analysis of cell death are
generally time-consuming, and, therefore, any improvements in these techniques are important for
researchers and clinicians. At present, flow cytometry is the most rapid method for detection of DSBs and
cell viability. In this chapter, we provide our experience and methodological modification of flow cytom-
etry protocol for the detection of y-H2AX, a well-known marker of DSBs, in fixed mammalian fibroblasts.
The modifications permit a reduction in the time required for DSB detection by flow cytometry.

Key words Flow cytometry, y-H2AX, DNA double-strand breaks, Rapid detection, Fibroblasts

1

Introduction

Living organisms are exposed to different intrinsic and extrinsic
stresses that damage DNA and can induce programmed cell death
or apoptosis. DNA double-strand breaks (DSBs) represent the
most harmful type of DNA damage which is accompanied by phos-
phorylation of histone H2AX (producing y-H2AX) in the vicinity
of broken DNA ends [1]. It has been shown that the number of
DSBs corresponds to the number of y-H2AX focal sites in cell
nuclei [2]. At present, y-H2AX is widely used as a marker of DSBs
in different fields of experimental research and clinical practice for
estimation of DNA damage and repair.

Flow cytometry assay is a fast and reliable method for the esti-
mation of y-H2AX level in damaged cells grown in culture or
obtained from peripheral blood of patients. It gives possibility to
estimate DNA damage in a large number of cells using an antibody
to y-H2AX, and monitor cell cycle distribution in populations of
cells.

In this chapter, we present two accelerated procedures that use
flow cytometry for the detection of y-H2AX in fixed cells. The first
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1.1 Protocol 1:
Accelerated Detection
of y-H2AX by Modified
BD Pharmingen™
Procedure

1.2 Protocol 2: Use
of Saponin-Based
Permeabilization

in Detection of y-H2AX

approach—Protocol 1 (see Subheading 3.1) is a speeded up modi-
fication of the BD Pharmingen™ flow cytometry protocol. The
second technique—Protocol 2 (see Subheading 3.2) uses formalde-
hyde fixation and the alternative permeabilizing agent saponin.

At present, the most reliable reagents for flow cytometry are pro-
vided by BD Pharmingen company. Here, we describe a time-
saving modification of flow cytometry assay for y-H2AX detection
in fixed mammalian fibroblasts based on the original intracellular
staining protocol proposed by BD Pharmingen™ [3]. We use the
fixation/permeabilization solution provided by this company and
direct- or indirect immunochemical y-H2AX detection using Alexa
Fluor 488-conjugated anti-y-H2AX antibody, or primary nonla-
beled anti-y-H2AX antibody and secondary fluorophore-
conjugated antibodies, while DNA is counterstained with
DAPI. Overall processing time is minimized. The complete proce-
dure takes only 2 h 15 min (compared to 2 h 40 min in case of
using standard BD Pharmingen protocol) due to incubation of
cells with antibodies at 37 °C instead of room temperature.

An alternative protocol for y-H2AX detection provided in this
chapter is based on another kind of treatment: formaldehyde fixa-
tion and permeabilization with a mild detergent saponin. Saponins
are the mixture of glycosides with soap-like foaming characteris-
tics. Saponins permeabilize cells due to interaction with cholesterol
in cell membrane and are often utilized for phospho-epitope stain-
ing protocols [4]. As the result of the breakage of association of
cholesterol with phospholipids, the membrane becomes permeable
[5]. Gentle permeabilization by saponin does not destroy fibro-
blasts, it is enough to detect y-H2AX phospho-epitopes, and the
percentage of y-H2AX-positive cells after irradiation does not dif-
fer from that obtained by the application of the first protocol. The
processing time is 2 h 15 min.

Protocol 1 is preferable because it gives well-repeatable results
and minimal loss of cells during the procedure. The cell loss while
using protocol 2 is more significant; however, this protocol is more
cost-effective because it does not need BD Pharmingen reagents.

Flow cytometry protocol for staining of mononuclear blood
cells, described by other researchers, does not include the stage of
fixation, but, nevertheless, requires 4-6 h [6].

2 Materials

2.1 Materials
for Gultivation
of Primary Fibroblasts

1. Minimum essential medium (MEM).
2. Fetal calf serum (ECS).

3. 100x antibiotic stock solution, 10,000 U/mL penicillin,
10,000 pg/mL streptomycin (Invitrogen).
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4. Plastic flasks with a surface area of 25 cm?.

. Calcium and magnesium-free phosphate-buffered saline (PBS),

pH 7.4 (see Note 1).

. Versene solution: 0.2 g EDTA(Na4) per liter of calcium and

magnesium-free PBS. Versene is an EDTA solution used for
the gentle non-enzymatic cell dissociation.

. 0.25% Trypsin—EDTA solution for detachment of adherent

cells in culture.

8. CO, incubator.
2.2 Materials for Cell 1. Vortex mixer.
Fixation/ - 2. Refrigerated laboratory centrifuge.
Permeabilization 3. 1.5 mL Eppendorf tubes.
4. 5 mL polystyrene tubes for flow cytometry.
5. Transcription Factor Buffer Set for flow cytometry, cat
#562574 (BD Pharmingen) containing: TF Perm/Wash but-
fer, TF Diluent Bufter, TF Fix/Perm bufter (se¢ Note 2).
6. Double-distilled water.
7. Antibodies: Mouse monoclonal anti-phospho-histone H2AX
antibody, cat # 05-636 (Millipore), secondary goat anti-mouse
IgG (H + L) Alexa Fluor 488-conjugated antibody (Invitrogen),
or, alternatively, mouse monoclonal anti- phospho-histone
H2AX (Ser139) Alexa Fluor488-conjugated antibody, cat #
05-636AF488 (Millipore).
8. 1% saponin stock solution in ddH,O.
9. 10% Triton X-100 stock solution in ddH,O.
10. 4', 6-diamidino-2-phenylindole (DAPI) 100 pg/mL solution
in PBS.
11. Flow Cytometer, such as Beckman Coulter CytoFlex Cytometer
or similar.
3 Methods

3.1 Protocol 1.
Modified BD
Pharmingen™
Procedure for y-H2AX
Detection

Both protocols are based on our experience of y-H2AX detection
in irradiated primary human fibroblasts and Syrian hamster fibro-
blasts isolated from skin of newborn animals.

In this protocol, we use reagents from BD Pharmingen. An
improved technique takes a little more than 2 h excluding the time
needed for trypsinization and harvesting the cells (Fig. 1).
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Fig. 1 y-H2AX detection by flow cytometry in human embryonic fibroblasts. (a)
Unirradiated cells, (b) cells irradiated at the dose of 5 Gy. 1 h after irradiation, cells
were processed for flow cytometry analysis using Protocol 1 (Subheading 3.1).
(/) Viable cells are gated (Gt1, Gt2) on the scatter plot FSC versus SSC in (a) and
(b) for exclusion of cell debris. (ii ) The distribution of cells in the phases (G1, S,
G2) of the cell cycle is shown on the histogram plot 405 nm laser area (DAPI-A)
versus cell count in (a) and (b). (iif) On the bivariate dot plot DAPI-A versus 488 nm
laser area (Alexa Fluor 488-A), y-H2AX-positive cells depicted in green (Gt4) and
y-H2AX-negative cells depicted in black (Gt3) are gated in control cell population
(@). The same gating is applied for irradiated cells (b). Gt5 on the dot plot for irradi-
ated cells (b) represents y-H2AX-negative cell population with background stain-
ing with goat anti-mouse Alexa Fluor 488-conjugated antibodies



3.1.1  Growth Conditions,
Irradiation, and Harvesting
of Cells

3.1.2  Cell Fixation
and Immunostaining
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. Culture the primary fibroblasts in complete culture medium

supplemented with 10% FCS, 100 units/mL penicillin, and
100 pg/mL streptomycin at 37 °C in a humidified atmosphere
with 5% CO,. Grow the cells in 25 cm? flasks to approximately
70% confluence. For DSB induction, irradiate the cells at the
dose of 5 Gy using X-ray-machine. Here we used RUM 17
X-ray machine operated at 200 kV and 12 mA with a 0.5 cop-
per—aluminum filter.

. Carefully remove medium from the flask and add a sufficient

volume of sterile Versene solution to remove residual culture
medium (see Note 3). Gently swirl the flask several times to
rinse the cells, and then carefully aspirate Versene solution (see
Note 4).

. Using serological pipette, add minimal volume of 0.25%

Trypsin-EDTA to cover the cells at the bottom of the flask.
Roll flask gently to ensure that all cells are covered and place
flask at 37 °C for approximately 2 min. Check cell detachment
with an inverted microscope (see Note 5).

. Add some culture medium to the flask to inactivate the trypsin

and pipette cell suspension several times. Place cell suspension in
15 mL conical tube and centrifuge at 290 x g4 for 6 min at RT.

. Aspirate supernatant from 15 mL tube and add 300 pL of

freshly prepared 1x Fix/Perm Buffer working solution to each
tube. Vortex samples for approximately 3 s.

. Place cell suspension in tubes designed for flow cytometry or in

Eppendortf tubes, and incubate for 40 min on ice (se¢ Note 6).

. Add 300 pL of 1x Perm/Wash Bufter directly to the fixed and

permeabilized cells. Pellet the cells by centrifugation at 290 x
4 for 6 min at +4 °C. All the following centrifugations should
be performed in the same way.

. Aspirate the supernatant. Add 600 pL of 1 x Perm /Wash Buffer

to the pelleted cells, resuspend the cells by vortexing, and pel-
let them again by centrifugation. Aspirate the supernatant.

. Add 100 pL of primary mouse monoclonal anti-phospho-

histone H2AX (Ser139) antibody diluted 1:250 in 1x Perm/
Wash Bufter. Vortex the tube for 10 s and incubate in 37 °C
water bath for 20 min (se¢ Note 7).

. Wash cells by adding 600 pL of 1x Perm,/Wash Buffer to anti-

body solution followed by vortexing and centrifugation.

7. Wash cells as described in Subheading 3.1.2, step 4.
. Add 100 pL of secondary goat anti-mouse IgG (H + L) Alexa

Fluor 488-conjugated antibody diluted 1:400 in 1x Perm/
Wash Buffer. Vortex the tube for 10 s and incubate in 37 °C
water bath for 20 min (sec Notes 8 and 9).
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3.1.3  Flow Cytometry
Analysis

9. Wash cells as described in Subheading 3.1.2, steps 6 and 7.
Aspirate the supernatant.

10. Resuspend cell pellet in 300 pLL of PBS and add DAPI to the
final concentration of 0.5 pg/mL (see Note 10). Keep cells in
the darkness for at least 20 min at RT.

Using a flow cytometer, analyze the cells and acquire data on fluo-
rescence intensity and cell cycle distribution (se¢ Note 11).

For data analysis, a minimum of 10,000-15,000 events are
required.

Analyze samples of control and irradiated cells sequentially.

Alexa Fluor 488 and DAPI are excited by difterent lasers, their
spectra do not overlap, and, therefore, compensation is not
necessary.

1. Use forward-scattered light (forward scatter or FSC) and side-
scattered light (side scatter or SSC) to choose a cell population
of interest. Determine the population of cells by analysis of cell
distribution on the scatter plot of FSC versus SSC. Gate
undamaged cells and exclude cellular debris and cell aggregates
located above and below the gated area (Gtl) of the dot plot.
The cellular debris has lower FSC and SSC than undamaged
cells, and cell clamps and/or doublets have higher FSC and
SSC than single cells (see Fig. 1a(i), b(i)).

2. The main population of cells gated on the scatter plot of FSC
versus SSC may contain not only single cells, but also a num-
ber of cell aggregates. On the dot plot of 405 nm laser area
(DAPI-A) versus 405 nm laser height (DAPI-H) (not shown),
analyze the cell population to distinguish single cells, doublets,
triplets, and so on. Select single cells by gating.

3. Using control cells, obtain univariate histogram plot of 488 nm
laser area (Alexa Fluor 488-A) in logarithmic scale versus cell
count (not shown) to determine background signal and
exclude autofluorescence of cells. Gate positively stained cells.

4. Analyze gated cells on histogram plot DAPI-A versus cell count
to see distribution of cells in the cell cycle (see Fig. 1a(ii), b(ii)).

5. Using control cells, analyze gated cells on bivariate plot
DAPI-A versus Alexa Fluor 488-A, gate stained and unstained
cells and estimate their percentage. Negative cells should rep-
resent around 94-98% of the cell population (Gt3), while posi-
tively stained cells (Gt4)—around 2—-6% (see Fig. 1a(iii)).

6. Repeat steps 1-5 for irradiated cells. For irradiated cells, on
bivariate histogram plot DAPI-A versus Alexa Fluor 488-A,
use the same level of gating as for the control cells (see
Fig. 1b(iii), Gt5, Gt0).

7. Estimate mean fluorescence intensity per cell for G1 and G2
cell populations.



3.2 Protocol 2.
Detection of y-H2AX
Using Saponin-Based
Permeabilization
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In this protocol, y-H2AX staining is performed after cell fixation
with formaldehyde and subsequent permeabilization with saponin
solution. Permeabilization conditions described here do not
change the ratio between positive and negative populations of irra-
diated cells compared to data obtained using Protocol 1. The pro-
cedure takes around 2 h 15 min excluding the time needed for
harvesting the cells.

1.

10.

11.

12.
13.

Prepare the cells for fixation as described in Subheading 3.1.1,
steps 2, 3 and 4. It is optimal to start with 10°¢ cells per
sample.

. Aspirate supernatant from 15 mL conical tubes, add 600 pL of

PBS, vortex cells, and transfer the suspension to an Eppendorf
tube.

. Pellet the cells by centrifugation at 290 x g for 6 min at

+4 °C. All subsequent centrifugations are performed in a simi-
lar way.

. Add 600 pL of freshly prepared 4% formaldehyde in PBS pre-

cooled to +4 °C. Vortex briefly and incubate for 10 min at
+4 °C.

. Add 300 pL of cold (precooled to +4 °C) PBS to cell suspen-

sion in formaldehyde solution, vortex and pellet cells by
centrifugation. Aspirate the supernatant.

. Wash cells by adding 600 pL of cold PBS to cell pellet, fol-

lowed by vortexing and centrifugation. After centrifugation,
aspirate the supernatant.

. Vortex the pellet and add 750 pL of permeabilization solution

(Perm) containing 0.1% saponin and 1-10% FCS in
PBS. Incubate for 30 min at +4 °C. Tap the tube gently with
your finger several times during incubation period (see Notes
12 and 13).

. Pellet cells by centrifugation, aspirate the supernatant, and add

100 pL of primary mouse monoclonal anti-phospho-histone
H2AX (Ser139) antibody diluted 1:250 in Perm. Vortex for 3
s and incubate for 20 min at 37 °C in the water bath. Tap the
tube gently with your finger a couple of times during incuba-
tion (see Note 14).

. Add 600 pL of Perm to cell suspension in antibody solution,

vortex and centrifuge the cells. Aspirate the supernatant.
Wash cells by adding 600 pL of Perm to the cell pellet followed
by vortexing and centrifugation. Aspirate the supernatant.

Add 100 pL of secondary goat anti-mouse IgG (H + L) Alexa
Fluor 488-conjugated antibody diluted 1:400 in Perm. Vortex
for 3 s and incubate for 20 min at 37 °C in the water bath.
Repeat steps 9 and 10 of this section.

Add 300 pL of cold PBS (see Note 15).
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14.

15.

For DNA counterstaining, add 3 pL of 10% Triton X-100 and
3 pL of 100 pg/mL DAPI stock solution (final concentrations
0.1% Triton X-100 and 0.5 pg/mL DAPI). Vortex and keep in
the darkness for 20 min at RT before analysis (se¢ Note 16).

Perform flow cytometry analysis as described in Subheading
3.1.3.

4 Notes

. After trypsinization, avoid Ca** and Mg?* in PBS, because they

promote cell adhesion. You can use any commercial PBS or
prepare it yourself from separate compounds. Formulation for
1 L of PBS (10x) is: 80 g NaCl, 2 g KCl, 21.6 g Na,HPO, x
7H,0, 2 g KH,PO,4. When diluted to 1x PBS with H,O, its
pHis 7.4.

. We routinely use BD Pharmingen Transcription Factor Butfer

Set in our laboratory, because it is optimal for flow cytometry
analysis of different intracytoplasmic and intranuclear proteins.

. In our experience, an initial number of cells of 5 x 10° cells per

sample is enough for flow cytometry analysis of y-H2AX fluo-
rescence intensity.

. Versene is an EDTA solution which removes Ca?* ions from

the cell surface, thus improving detachment of cells.
Detachment of primary fibroblasts from the dish surface is
faster when Versene solution is used instead of PBS.

. Over-trypsinization can severely damage cells. Thus, it is essen-

tial to check cells for detachment progress under the
microscope.

. In case of low number of cells, for easier visualization of cell

pellets from small amounts of cells, it is more convenient to
place cells in 1.5 mL Eppendorf tubes instead of 5 mL round-
bottom tubes designed for flow cytometry.

. Some researchers noted that antibody concentration for flow

cytometry was usually higher than that for immunofluores-
cence [7]. In our protocol, the dilution of primary and second-
ary antibodies was the same as was used for y-H2AX detection
by immunofluorescence microscopy. It is most likely that the
degree of dilution depends on several parameters: quality of
antibodies, fixation/permeabilization conditions, and the type
of cell culture.

. Staining with secondary antibodies (Subheading 3.1.2, steps 8

and 9) is omitted when Alexa Fluor 488-conjugated primary
antibodies to y-H2AX are used. It should be noted, however,
that the use of mouse monoclonal anti-phospho-histone H2AX
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16.
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(Ser139) Alexa Fluor 488-conjugated antibody, cat #
05-636AF488 (Millipore) resulted in the decrease of positively
stained cell population analyzed after irradiation in comparison
with indirect staining described in our protocol.

. In our modified protocol, we used 20 min incubation at 37 °C

with primary and secondary antibodies instead of 40 min incu-
bation at +4 °C suggested by BD Pharmingen protocol. Flow
cytometry analysis has shown that the results obtained by both
methods do not difter.

Cells resuspended in PBS can be stored for several days at +4
°C in the darkness before analysis.

This protocol is optimized for mouse monoclonal anti-
phospho-histone H2AX (Ser139) antibody, cat # 05-636
(Millipore). If other commercial antibodies are used, optimize
the degree of their dilution for different cell lines.

Addition of FCS is critical and is needed to prevent cell loss
during incubations, especially for incubations at 37 °C.

Saponin concentration has to be optimized for different cell
lines. We found that the optimal final concentration of saponin
is 0.1% for human fibroblasts. The percentage of stained cells is
decreased if you use 0.05% saponin for permeabilization. The
increase of saponin concentration to 0.2% leads to progressive
cell loss during subsequent centrifugations.

Saponin treatment leads to the formation of permanent and
transient cell membrane openings [4]. The latter ones disap-
pear during subsequent incubations of cells in the absence of
saponin. Therefore, saponin is present in solutions during all
steps of cell preparation for flow cytometry analysis including
the treatment with antibody.

It is possible to store fixed and stained cells in PBS during sev-
eral days at +4 °C before DNA counterstaining with DAPI and
flow cytometry analysis.

The cells can be analyzed for flow cytometry directly in Perm
buffer. In this case, G1 and G2 cell populations cannot be dis-
tinguished after DAPI counterstaining. Therefore, additional
permeabilization with Triton X-100 is needed for visualization
of cell cycle distribution.
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Chapter 12

Rapid Detection of DNA Strand Breaks in Apoptotic Cells
by Flow- and Image-Cytometry

Hong Zhao and Zbigniew Darzynkiewicz

Abstract

Extensive DNA fragmentation that generates a multitude of DNA double-stand breaks (DSBs) is a hall-
mark of apoptosis. We developed several variants of the widely used TUNEL methodology that is based
on the use of exogenous terminal deoxynucleotidyl transferase (TdT) to label 3'OH ends in DSBs with
fluorochromes. Flow- or image-cytometry is then employed to detect and quantify apoptotic cells labeled
this way. Here, we describe a variant of this technique using BrdUTP as a TdT substrate. The incorporated
BrdU is subsequently visualized by a fluorochrome-tagged antibody. This is a particularly simple, rapid,
and sensitive approach to detect DSBs.

We also describe modifications of the labeling protocol permitting the use of deoxyribonucleotides
other than BrdUTP to label DSBs. Concurrent differential staining of cellular DNA and multiparameter
analysis of cells by flow- or image-cytometry enable correlations between apoptosis induction and the cell
cycle phase. Examples of the detection of apoptotic cells in cultures of human leukemic cell lines treated
with TNF-a and DNA topoisomerase I inhibitor topotecan are presented. The protocol can be applied to
cells treated with cytotoxic drugs in vitro, ex vivo, or to clinical samples.

Key words Apoptosis, DNA damage, Flow cytometry, Laser scanning cytometry, Cell cycle,
Immunofluorescence, BrdU

1 Introduction

During apoptosis DNA undergoes extensive fragmentation at
internucleosomal linker regions which generates a multitude of
DNA double-strand breaks (DSBs) [1, 2]. Their presence is con-
sidered to be one of the most characteristic markers of apoptotic
cells. A widely used approach to identify apoptotic cells, thus, relies
on labeling DSBs in situ either with fluorochromes [3-5] or
absorption dyes [6]. We have developed several variants of the
methodology that is based on the use of exogenous terminal
deoxynucleotidyl transferase (TdT) to label 3’OH termini of the
DSBs either indirectly or directly with fluorochrome-tagged deoxy-
ribonucleotides, commonly defined as the TUNEL assay [2-8]. In
this Chapter, we describe the variant based on DSBs labeling with

Vladimir V. Didenko (ed.), Fast Detection of DNA Damage: Methods and Protocols, Methods in Molecular Biology, vol. 1644,
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BrdUTP that subsequently is detected immunocytochemically
with BrdU antibody (Ab). The BrdUTP labeling assay offers much
greater sensitivity than other TUNEL variants [9]. However, mod-
ifications of the protocol that allow use of deoxyribonucleotides
other than BrdUTP also are described. Concurrent staining of cel-
lular DNA with propidium iodide (PI) or 4',6-diamidino-2-
phenylindole (DAPI) and multiparameter analysis of cells by
flow- or image-cytometry enables correlation of the cell cycle phase
with the induction of apoptosis [10]. The protocol can be applied
to cells growing in vitro, treated ex vivo with cytotoxic drugs as
well as to clinical samples (see Note 1). The method presented in
this Chapter can be applied to suspended cells and to cells attached
to microscope slides. The suspended cells are measured by flow
cytometry, whereas the attached cells are analyzed by image cytom-
etry, e.g., using an instrument such as the laser scanning cytometer
(LSC). LSC is a microscope-based cytofluorometer capable of
rapid, sensitive, and accurate measurement of individual cell fluo-
rescence [ 11]. Cells staining on slides eliminates their loss that oth-
erwise occurs during repeated centrifugations in sample preparation
for flow cytometry. Therefore, the procedure offers an advantage
when applied to samples with paucity of cells such as fine needle
aspirate or spinal fluid tap (see Note 2). Another advantage of LSC
it that it offers a possibility of electronic selection (gating) of cells
of interest during the initial measurement for their subsequent
analysis by imaging or staining with other fluorochromes. Imaging
and visual examination are of particular importance because the
characteristic changes in cell morphology are considered the gold
standard for positive identification of apoptotic cells [3, 4].
Furthermore, the cell attributes measured by LSC on live cells can
be correlated with the attributes that generally require cell fixation
to be measured [12]. For example, activation of caspases [12-14],
DNA replication [15], translocation of Bax to mitochondria [16],
or activation of NF-xB transcription factor [17], the key events
associated with apoptosis, can be correlated, in the very same cells,
with the presence of apoptosis-associated DSBs as well as with the
position of cells in the cell cycle.

Fixation and permeabilization of the cells are the initial essential
steps required to successfully label DSBs. Cells are briefly fixed with
the crosslinking fixative formaldehyde and then permeabilized by
suspending in ethanol or using detergents in the subsequent rinses.
By crosslinking small DNA fragments to other cell constituents,
formaldehyde prevents their extraction, which otherwise occurs dur-
ing repeated centrifugations and rinses [18]. The 3'OH termini of
the DSBs serve as primers and become labeled in this procedure
with BrdU when incubated with BrdUTP in the reaction catalyzed
by exogenous TdT [2]. The incorporated BrdU is immunocyto-
chemically detected by BrdU Ab conjugated to fluorochromes [9].
The BrdU AD is a widely available reagent, also used in studies of cell
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proliferation to detect BrdU incorporated during DNA replication
[19, 20]. The sensitivity of DSBs detection is higher and the overall
cost of reagents is significantly lower when BrdUTP is used, as com-
pared to the alternative labeling with biotin- (or digoxigenin-) [ 3, 4]

or

by directly fluorochrome-tagged deoxyribonucleotides [8].

Furthermore, the time of incubation with anti BrdU antibodies can
be shortened to 20-30 min, if needed, due to the high sensitivity of
the antibody-based detection of the BrdU epitope.

2 Materials

2.1 Reagents
and Glassware

B oW o

10.

11.
12.
13.

. Phosphate-buffered saline (PBS), pH 7 4.

. 1% Formaldehyde (methanol-free, “ultrapure”), in PBS, pH 7 4.
. 70% Ethanol.

. TdT (Roche Diagnostics). Supplied in storage buffer: 60 mM

potassium phosphate at pH 7.2, 150 mM KCI, 1 mM
2-mercaptoethanol and 0.5% Triton X-100, 50% glycerol).
The 5x TdT reaction buffer contains: 1 M potassium (or
sodium cacodylate) 125 mM HCI, pH 6.6 (Roche Diagnostics),
and 1.25 mg/mL bovine serum albumin (BSA).

. 5-Bromo-2’-deoxyuridine-5'-triphosphate  (BrdUTP) stock

solution (50 pL): 2 mM BrdUTP (Sigma) in 50 mM Tris—
HCI, pH 7.5.

. 10 mM CoCl, (Sigma).
. Rinsing buffer: 0.1% Triton X-100 (Sigma) and 5 mg/mL

BSA dissolved in PBS.

. Alexa Fluor 488-conjugated anti-BrdU monoclonal antibody

(mAD): Dissolve 1.0 pg of Alexa Fluor 488-conjugated anti-
BrdU Ab in 100 pL of PBS containing 0.3% Triton X-100 and
1% (w/v) BSA. Alternatively, use Fluorescein- (FITC)- or
Alexa Fluor 647-conjugated anti-BrdU Ab (Phoenix Flow
System (San Diego, CA), or Molecular Probes/ThermoFisher).

. PI staining buffer: 5 pg/ml PI (Molecular Probes/

ThermoFisher), 10 pg/mL of RNase A (DNase-free) (Sigma)
in PBS. Alternatively, use 1 pg/mL solution of 4',6-diamidino-
2-phenylindole (DAPI) in PBS.

Microscope slides or single- or multi-chambered Falcon
CultureSlides (BD Biosciences) (to be used in conjunction
with analysis by LSC /iCys).

Coplin jars (to be used in conjunction with analysis by LSC/iCys).
Parafilm “M” (to be used in conjunction with LSC/iCys).

Glycerol (to be used in conjunction with analysis by LSC/
iCys).
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2.2 Gommercial Kits

2.3 Instrumentation

14. Single- or multi-chambered Falcon Culture Slides (BD
Biosciences).

15. BODIPY-FL-X-dUTDP, fluorescein-, Cascade Blue-, Texas
Red-dUTPs or other ChromaTide nucleotides (Thermo
Fisher) or CY-3-dCTP or other cyanine dye conjugates.

Several kits for labeling DSBs are commercially available. The APO-
BRDU kit (Phoenix Flow Systems, San Diego, CA) uses a BrdUTP
methodology similar to that described in this chapter. As mentioned,
this methodology offers the most sensitive means of DNA strand
break detection [9]. The APO-DIRECT kit (also from Phoenix)
offers a single-step labeling of DNA strand breaks with the fluoro-
chrome-tagged deoxynucleotide. Its virtue is simplicity and short-
ened overall incubation time, but it is less sensitive than the
APO-BRDU. Of particular importance is that the positive and nega-
tive control cells are supplied with each of these Phoenix kits. It
should be noted that kits developed and distributed by Phoenix Flow
Systems are also provided by other vendors. The kits utilizing biotin-
or digoxigenin-tagged dUTP are also commercially available.

1. Flow cytometers of different types, offered by several manufac-
turers, can be used to measure cell fluorescence following
staining according to the procedures described below. The
manufacturers of the most common flow cytometers are
Coulter/Beckman Corporation (Miami, FL), BD Biosciences
(formerly Becton Dickinson Immunocytometry Systems; San
Jose, CA), iCyt (Urbana-Champain, IL), and PARTEC GmbH
(Zurich, Switzerland). The multiparameter Laser Scanning
Cytometer (LSC; iCys™ model) is available from Thorlabs,
Inc., (Newton, NJ, USA). Cytospin centrifuge, which is used
in conjunction with LSC/iCys, is provided by Shandon
(Pittsburgh, PA).

2. The software to deconvolve the DNA content frequency histo-
grams, to analyze the cell cycle distributions, is available from
Phoenix Flow Systems or Verity Software House (Topham, MA).

3 Methods

3.1 DNA Strand
Break Labeling

with BrdUTP

for Analysis by Flow
Cytometry

1. Suspend 1-2 x 10° cells in 0.5 mL PBS. With a Pasteur pipette
transfer this suspension into a 5 mL polypropylene tube (see
Note 2) containing 4.5 mL of ice-cold 1% formaldehyde (see
Note 3). Keep the tube for 15 min on ice.

2. Centrifuge at 300 x g for 5 min and resuspend cell pellet in
5 mL of PBS. Centrifuge again and resuspend cell pellet in
0.5 mL of PBS. With a Pasteur pipette transter the suspension
to a tube containing 4.5 mL of ice-cold 70% ethanol. The cells
can be stored in ethanol, at —20 °C for several weeks.
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3. Centrifuge at 200 x g for 3 min, remove ethanol, resuspend
cells in 5 mL of PBS, and centrifuge at 300 x g4 for 5 min.

4. Resuspend the pellet in 50 pL of a solution containing;:
e 10 pL TdT 5x reaction buffer.
e 2.0 pL of BrdUTP stock solution.
e 0.5 pL (12.5 units) TdT.
e 5 puL CoCl, solution.
e 33.5 pL distilled H,O.

5. Incubate the cells in this solution for 40 min at 37 °C (see
Notes 4 and 5).

6. Add 1.5 mL of the rinsing buffer, and centrifuge at 300 x 4 for
5 min.

7. Resuspend cell pellet in 100 pL of Alexa Fluor 488-conjugated
anti-BrdU Ab solution. [Alternatively, you may use the Ab
conjugated either with fluorescein (FITC) or Alexa Fluor 647].

8. Incubate at room temperature for 1 h.

9. Add 1 mL of PI staining solution (alternatively you may add
1 mL of the DAPI staining solution).

10. Incubate for 30 min at room temperature, or 20 min at 37 °C,
in the dark.

11. Analyze cells by flow cytometry.

e Illuminate with blue light (488 nm laser line or BG12
excitation filter).

e Measure green fluorescence of FITC- (or Alexa Fluor
488)-conjugated anti BrdU Ab at 530 + 20 nm.

*  Measure intensity of red fluorescence of PI at >600 nm.
Alternatively, if DNA was stained with DAPI instead of PI
use UV light or near UV light diode as an excitation source
and measure intensity of blue fluorescence (480 + 20 nm).

The bi-variate (DSBs versus cellular DNA content) distribu-
tions (scatterplots) illustrating the cell populations containing a
fraction of apoptotic cells labeled according to the method
described in the protocol and analyzed by flow cytometry are
shown in Fig. 1, and analyzed by LSC (iCys) as shown in Fig. 2.

The bivariate (DSBs versus cellular DNA content) distribu-
tions (scatterplots) illustrating the cell populations containing a
fraction of apoptotic cells labeled according to the method
described in the protocol and analyzed by flow cytometry are
shown in Fig. 1, and analyzed by LSC (iCys) are shown in Fig. 2.
A correlation between the induction of apoptosis and cell position
in the cell cycle is clearly evident: in the case of topotecan-treated
HL-60 cells nearly all apoptotic cells are S-phase cells (Fig. 1) while
the apoptotic U-932 cells treated with TNF-a are predominantly
G;- and early-S phase cells (Fig. 2).
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3.2 DSBs Labeling
with Other Markers
for Analysis by Flow
Cytometry
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Fig. 1 Detection of apoptotic cells after DSBs labeling with BrdUTP and fluores-
cence analysis by flow cytometry. To induce apoptosis leukemic HL-60 cells were
treated in culture with DNA topoisomerase | inhibitor topotecan (0.15 pM) for 4 h.
The cells were then subjected to DSBs labeling with BrdUTP as described in the
protocol using fluorescein-tagged BrdU Ab and staining DNA with PI. Cellular fluo-
rescence was measured by flow cytometry. The data are presented as the bivari-
ate distributions (scatterplots) illustrating cellular DNA content (DNA index, DI)
versus DSBs labeled with BrdU Ab. Note that essentially only S-phase cells under-
went apoptosis as shown by high intensity of their BrdU-associated fluorescence,
above the control level marked by the skewed dashed line. The leukemic cells
treated with topoisomerase I inhibitors topotecan or camptothecin for 3-5 h and
processed as described in this protocol present a convenient experimental model
to assess whether the DSBs labeling is effective because in the same cell popula-
tion there are DSBs positive (S-phase) and negative (G; and G,M) cells

As mentioned in Subheading 1, DNA strand breaks can be labeled
with deoxynucleotides tagged with a variety of other fluorochromes.
Several types of dUTP conjugates, including BODIPY dyes (e.g.,
BODIPY-FL-X-dUTP), fluorescein, Cascade Blue and Texas Red
and cyanine dyes conjugates (e.g., CY-3-dCTP), are commercially
available (see Subheading 2.1, item 15). Indirect labeling, via bioti-
nylated- or digoxigenin-conjugated deoxyribonucleotides, is also
possible by using commercially available fluorochrome-conjugated
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Fig. 2 Detection of apoptotic cells after DSBs labeling with BrdUTP and analysis by LSC. U-937 cells were
untreated (a) or treated with tumor necrosis factor-a (TNF-a) in the presence of cycloheximide (b, refs. 24,
25).The cells were then subjected to DNA strand break labeling and DNA staining as described in the protocol
using fluorescein-tagged anti-BrdU Ab and staining of DNA with Pl in the presence of RNase. Cell fluorescence
was measured by LSC. The bivariate distributions (scatterplots) identify apoptotic cells as the cells with labeled
DSBs (strong green fluorescence intensity), and also reveal the cell cycle position of cells in either apoptotic or
nonapoptotic population. Note predominance of Gy and S phase cells among apoptotic cells. The cells with
strong DSBs labeling were relocated, imaged by LSC, and their representative images are shown. These cells
show nuclear fragmentation and chromatin condensation, the typical features of apoptosis [3, 4]

avidin, or streptavidin, as well as anti-digoxigenin antibodies. DNA
strand breaks, thus, can be labeled with a dye of any desired fluores-
cence emission and excitation wavelength.

The procedure described in Subheading 3.1 can be adopted to
utilize any of these fluorochromes.

In the case of the direct labeling [8], the fluorochrome-
conjugated deoxyribonucleotide is included in the reaction solu-
tion (0.25-0.5 nmol per 50 pL) instead of BrdUTP, as described
in step 4 of Subheading 3.1. Following the incubation step (step
5), omit steps 68, and stain cells directly with PI (step 9).

In the case of the indirect labeling, instead of BrdUTP, digoxi-
genin- or biotin-conjugated deoxyribonucleotides are included
into the reaction buffer (0.25-0.5 nmol per 50 pL) at step 4. The
cells are then incubated either with the fluorochrome-conjugated
anti-digoxigenin mAb (0.2-0.5 pg per 100 pL of PBS containing
0.1% Triton X-100 and 1% BSA), or with fluorochrome-conjugated
avidin or streptavidin (0.2-0.5 pg per 100 pL, as above) at step 7
and then processed through steps 8—10 as described in the proto-
col. Analysis by flow cytometry is carried out with excitation and
emission wavelengths appropriate for the used fluorochrome.

3.3 DNA Strand 1. Transter 300 pL of cell suspension (in tissue culture medium,
Break Labeling with serum) containing approximately 20,000 cells into a cyto-
for Analysis by LSC spin chamber. Cytocentrifuge at 1000 rpm (~150 x g) for

(iCys®) 6 min to deposit the cells on a microscope slide. (Alternatively,
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3.4 Controls

to analyze adherent cells, maintain them in cultures in single- or
multi-chambered Falcon CultureSlides. When the cells are har-
vested, remove the walls of the chambers, rinse the cells with
PBS, and fix in formaldehyde as described in the next step.)

2. Without allowing the cytospin to completely dry, prefix the
cells by transferring the slides for 15 min to a Coplin jar con-
taining 1% formaldehyde in PBS, cooled to ice temperature.

3. Rinse the slides in PBS and transfer to 70% ethanol; fix in etha-
nol for at least 1 h; the cells can be stored in ethanol for weeks
at —20 °C.

4. Follow steps 4-8 of Subheading 3.1 as described for flow
cytometry. Carefully layer small volumes (approximately
100 pL) of the respective bufters, rinses, or staining solutions
onto the cytospin area of the horizontally placed slides or over
the sites of individual chambers if the cells were grown on
Chamber Slides. At appropriate times remove these solutions
with Pasteur pipette (or vacuum suction pipette). To prevent
drying, place a 2 x 4 cm strip of Parafilm over the site where
the cells are present atop of the solutions used for cell incuba-
tions (see Note 6).

5. Replace the PI staining solution with a drop of a mixture of
glycerol and PI staining solution (9:1) and mount under the
coverslip. To preserve the specimen for longer period of time or
transport, seal the coverslip with nail polish or melted paraffin.

6. Measure cell fluorescence on LSC.
¢  Excite fluorescence with 488 nm laser line.

e Measure green fluorescence of Alexa Fluor 488 or fluores-
cein-anti BrdU Ab at 530 + 20 nm.

e Measure red fluorescence of PI at >600 nm.

(Alternatively, it DSBs are labeled with Alexa Fluor 647 excite
fluorescence with red diode laser and measure fluorescence inten-
sity at far-red wavelength. It DAPI is used to stain DNA, excite
DAPI fluorescence with UV or near UV light laser and measure
fluorescence intensity at 480 + 20 nm wavelength).

The typical results are shown in Figs. 1 and 2 (see Notes 7
and 8 and 7).

The procedure for labeling DNA strand beaks involves many
reagents. Negative results, therefore, may not necessarily mean the
absence of DNA strand breaks (see Note 7) but may be due to
methodological problems, such as the loss of TdT activity, degra-
dation of BrdUTP, etc. It is necessary, therefore, to include a posi-
tive and negative control. An excellent control is to use HL-60
cells treated (during their exponential growth) for 3—4 h with
0.2 pM of the DNA topoisomerase I inhibitor camptothecin (CPT)
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or topotecan (TPT). Because under these conditions only DNA
replicating (S-phase) cells undergo apoptosis the cells in G; and
G,/M may serve as negative control populations, whereas the S
phase cells in the same sample represent the positive control. As
mentioned in Subheading 2.2, the APO-DIRECT kit provides
already fixed cells pretreated with CPT that contain positive
(S-phase) and negative (G, and G,M) cells in a single sample.

Another negative control contains cells processed identically as
described in Subheading 3.1 except that TdT is excluded from
step 4.

4 Notes

1. This method is also useful for clinical material, such as samples
obtained from leukemias, lymphomas, and solid tumors [21,
22], and can be combined with surface immunophenotyping.
When the methods are combined the cells are first immunophe-
notyped, then fixed with 1% formaldehyde (which stabilizes the
antibody bound on the cell surface) and subsequently subjected
to the DSBs detection assay using other color fluorochrome (see
Subheading 3.1) than the one used for immunophenotyping.
The percent of apoptotic (DSBs-positive) cells is then estimated
within the gated-immunophenotype cell population.

2. If the sample initially contains a small number of cells, cell loss
during repeated centrifugations can often be a problem. We
recommend using polypropylene, or siliconized glass tubes to
minimize cell loss. Since transferring cells from one tube to
another results in electrostatic attachment of a large fraction of
cells to the surface of each new tube all steps of the procedure
(including fixation) should be done in the same tube. Addition
of 1% (w/v) BSA into rinsing solutions also decreases cell loss.
When the sample contains very few cells, the carrier cells,
which later can be recognized based on differences in DNA
content (e.g., chicken erythrocytes), may be included. Because
there is no cell loss during processing for analysis by LSC the
samples with paucity of cells can easily be measured.

3. Cell pre-fixation with a crosslinking agent such as formalde-
hyde is required to prevent the loss of the fragmented DNA
from apoptotic cells [2]. This ensures that despite the repeated
cell washings during the procedure, the DNA content of apop-
totic cells (and with it the number of DSBs) is not markedly
diminished.

4. Alternatively, incubate at room temperature overnight.

5. Control cells should be incubated in the same solution, but
without TdT.
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6. It is generally easy to identify apoptotic cells, due to their

intense labeling with Alexa Fluor 488, fluorescein, or Alexa
Fluor 647 conjugated anti-BrdU Ab. The high fluorescence
intensity often requires use of the exponential scale (logarith-
mic amplifiers of the flow cytometer or LSC) for data acquisi-
tion and display (Figs. 1 and 2). The figures show that after the
cellular DNA content of each, apoptotic and nonapoptotic cell
population is measured, the cell cycle distribution and/or
DNA ploidy of these both populations can be estimated.

7. While the presence of extensive DNA breakage is marked by

strong fluorescence after TUNEL labeling, and is a very charac-
teristic feature of apoptosis, weak fluorescence may not necessar-
ily mean the lack of apoptosis. In some cell systems DNA
fragmentation stops at 300-50 kb size DNA fragments and does
not progress into the internucleosomal linker regions [23].

. It is essential that the incubations are carried out in a humidi-

fied chamber. Even minor drying produces severe artifacts.
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Chapter 13

Fast Micromethod: Determination of DNA Integrity in Cell
Suspensions and in Solid Tissues

Nevenka Bihari

Abstract

The Fast Micromethod is a rapid and convenient microplate procedure for the determination of DNA
integrity in cell suspensions and in solid tissues. The procedure is based on the ability of fluorochromes to
preferentially interact with double-stranded DNA in alkaline conditions. Rapid sample lysis is followed by
denaturation at high pH during 15 min. Only 30 ng of DNA from cell suspensions or tissue homogenates
per single well are required for the analyses. The whole analysis is performed within 3 h or less (for one
96-well microplate).

The Fast Micromethod is broadly used in biology and medicine. Its applications range from environ-
mental pollution tests in marine invertebrates to the analysis of biopsy samples in cancer patients to detect
DNA alterations caused by irradiation or chemotherapy.

The procedure presented here describes the Fast Micromethod applied for the determination of DNA
integrity in cell suspensions (HeLa cells) and solid tissues (mussel gills).

Key words Genotoxicity assessment, Rapid determination of DNA integrity, Environmental pollut-
ants, Mussel gills, Cell suspensions

1 Introduction

The Fast Micromethod measures reduced DNA integrity caused by
genotoxins in investigated samples in comparison to a high-integrity
DNA in reference samples. Alkaline-labile sites and DNA single- or
double-strand breaks are the primary DNA lesions that significantly
reduce DNA integrity. The method measures the rate of cellular
DNA unwinding upon exposure to alkaline conditions. The
assumption is that hydrogen bonds in double-stranded DNA are
destabilized and the two strands separated in high alkaline and high
ionic solutions. Low-integrity DNA strands separate faster than
high-integrity DNA strands. In order to distinguish between low
and high-integrity DNA, it is convenient to use a fluorescent dye
(PicoGreen) that preferentially binds to double-stranded DNA but
not to single-stranded DNA or proteins. The measurement of the
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dye-DNA complex allows the determination of the kinetic pattern
of double-stranded DNA unwinding. The kinetic pattern of the
double-stranded DNA unwinding depends on the length of the
molecule, but also on the number of single-strand breaks and alkali-
labile sites present in the DNA. DNA with single-strand breaks and
alkali-labile sites unwinds faster than DNA that is not damaged.
The use of the PicoGreen dye (which preferentially stains double-
stranded DNA) allows the quantification of double-stranded DNA
which remains unwound. Thus, the Fast Micromethod can deter-
mine the frequency of DNA single-strand breaks.

The Fast Micromethod for the determination of DNA integrity
in cell suspensions and solid tissues was first described in a patent
application in 1997 [1]. The altered DNA integrity induced by
y-radiation was tested in mouse lymphoblasts, human lymphocytes,
and mouse tissues (liver and muscle) [2]. The sensitivity of the
method is comparable with the Comet assay for the determination of
DNA integrity in Hela cells induced by y-radiation, UV-C light, and
the chemical agent 4-nitroquinolone- N-oxide [3]. The technique
overview was reported in 2006 [4] and more recently in 2008 [5].

The Fast Micromethod is a simple technique used routinely for
the assessment of DNA integrity for medical purposes, for geno-
toxicity assessments in biomonitoring programs and the assess-
ment of ecosystem conditions. A decrease in DNA integrity was
detected in irradiated human peripheral blood mononuclear cells
(PBMC) [6] and in isolated PBMCs from cancer patients after
radiotherapy [7]. The Fast Micromethod was the method of choice
in extensive studies of marine sponge Suberites domuncula exposed
to polycyclic aromatic hydrocarbons [8] or cadmium chloride [9],
in UV-B irradiated marine sponge Geodia cydonium [10] as well as
in the sponge Baikalo spongin intermedin exposed to heavy metals
[11]. The DNA damage (low DNA integrity) was also examined as
a biomarker in the mussels Mytilus galloprovincialis sampled at dif-
ferently contaminated areas of the Istrian coast, Northern Adriatic,
Croatia [12]. Alterations of DNA integrity in mussel gills were
detected in 40% of the 240 mussels collected along the Adriatic
coast [13]. A long-term field study of DNA integrity in mussel gills
enabled us to define “hot spots” as sites with the presence of dit-
ferent genotoxin loads in the marine environment [14, 15].
Additionally, using this technique to determine DNA integrity in
the liver of the fish Limanda limanda confirmed it as a convenient
method for environmental monitoring studies [16].

This chapter describes the Fast Micromethod procedure for
the determination of DNA integrity in cell suspensions (HeLa
cells) and solid tissues (mussel gills). The procedure includes (1)
cell suspensions preparation, (2) tissue sample preparations, (3)
determination of DNA content in solid tissues, (4) simple and
rapid sample lysis, (5) DNA integrity measurements, (6) fluores-
cence analysis and calculation of strand scission factors, and (7)
results presentation.
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2 Materials

. Sample buffer: 10% DMSO solution in TE buffer (1 mM

EDTA, 10 mM Tris-HCI, pH 7.4).

. YOYO-1-iodide working solution: separate the original stock

of 1 M YOYO-1-iodide in 5 pL aliquots and store at —20 °C
(see Note 1). Immediately before analysis, add 500 pL of sam-
ple buffer to the 5 pL YOYO-1-iodide aliquot in order to get
a4 x 10”7 M working solution.

. Lysing solution: 4.5 M urea, 0.2 M EDTA, 0.1% SDS, pH

10.0 supplemented with 20 pL of the original stock dye
PicoGreen in 1 mL of lysing solution.

. Working alkaline solution: 0.1 M NaOH in 20 mM EDTA of

a specific pH (see Note 2).

. Reaction mixture: 25 pl dissolved tissue homogenate, 25 pL.

lysing solution, 250 pL alkaline working solution.

3 Method

3.1 Cell Suspensions
Preparation

3.2 Tissue Sample
Preparations

3.3 Determination
of Total DNA Content
in Tissue
Homogenates

The critical point for the determination of DNA integrity in solid
tissues with Fast Micromethod is to preserve the DNA from any
additional damage caused by handling procedures. Therefore, after
its dissection the solid tissue has to be immediately frozen using
liquid nitrogen. This step is especially important for the transporta-
tion of collected in situ samples (e.g., gills of mussels from differ-
ent sampling sites). Upon arrival to the laboratory, the frozen
samples can be stored in liquid nitrogen for 1 year.

1.

Use exponentially growing cells. Cultures of human Hel.a cells
are maintained in RPMI 1640 medium with 10 mM N-2-
hydroxyethylpiperazine- N'-2-ethanesulfonic acid (HEPES)
and 10% FCS. Count the cells.

. Place exactly the same amount of cells in each single well of the

microplate: 3000 cells /25 plL of Ca/Mg-free PBS or TE bufter.

. Precool a mortar and a pestle in liquid nitrogen. Homogenize

100 mg of tissue samples with 2 mL of sample bufter in a mor-
tar with liquid nitrogen.

. Collect the pellets in test tubes and store at —80 °C (see Note 3).

. Dilute one aliquot of the tissue homogenate with the sample

bufter. For tissue homogenates the desired DNA concentration
is usually 100 ng/mL (see Note 4) and for serial standard DNA
solutions the desired concentrations are 50-500 ng,/mL.
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3.4 Sample Lysis

3.5 DNA Integrity
Measurement

3.6 Fluorescence
Analysis

and Calculation

of Strand Scission
Factors

SSF =logl0 (Fluorescencc Units

3.7 Results
Presentation

2. For the determination of total DNA content in tissue homog-
enates use the YOYO-1-iodide dye (see Note 5). In a fluoro-
metric microplate mix 50 pL of the diluted sample homogenate
or 50 pL of the DNA standard solutions with 50 pL of the
YOYO working solution (see Note 6).

3. Measure the fluorescence at E.. 485 nm and E.,, 520 nm in
the fluorometric microplate reader for 5 min. Calculate the
total DNA content in the samples in comparison with the stan-
dard DNA curve.

1. Mix 25 pL of cell culture (3000-5000 cells) or 25 pL tissue
homogenate suspension (25 pg of tissue, cca 30-50 ng DNA)
with 25 pL of lysing solution in the microplates. Prepare blank
sample by mixing 25 pL of cell culture medium, or 25 pL tis-
sue homogenate buffer with 25 pL of lysing solution in the
microplates.

2. Keep the microplates in the dark and on ice for 40 min (see
Notes 7 and 8).

1. Initiate the alkaline denaturation of double-stranded DNA
from the lysed tissue or cells in the microplate wells with the
addition of 250 pL working alkaline solution.

2. Immediately place the microplate in the fluorometric micro-
plate reader and follow DNA denaturation directly, for 15 min
every 30 s, by measuring the fluorescence of the double-
stranded DNA-PicoGreen complex at E.. 485 nm and E.p,
520 nm (see Note 9).

1. Correct the recorded fluorescence values for blank readings.
Correct for blank readings by subtracting the blank values
from all the values.

2. Calculate the average fluorescence unit values of the double-
stranded DNA-PicoGreen complex fluorescence quadruplicate
samples and draw the denaturation curves.

3. Calculate the strand scission factor (SSF) 7 min (see Note 10)
after denaturation according to the equation:

wmpte / Fluorescence Units, ... ) (see Note11)

Thus SSE = 0 reveals high DNA integrity (no difference
between reference and sample DNA integrity), while SSF < 0
indicates loss of DNA integrity in samples.

Express the results as strand scission factors (SSFs) with corre-
sponding standard deviations (se¢ Note 12) and present as histo-
grams or scatter plot diagrams. Histograms are preferable for the
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presentation of the analyzed data on the biological effects of geno-
toxins. Due to the assumption that DNA integrity is lower in the
investigated samples as compared to the reference sample (SSF < 0),
it is practical to multiply the SSFs values by (—1) and then present
them as histograms. In such a way, the bars representing the sam-
ple histograms will be higher than those representing the control-
reference sample. The higher are the histogram bars the lower is
the DNA integrity of the analyzed samples revealing a greater bio-
logical effect of the investigated genotoxin.

4 Notes

1. Expected shell life of YOYO dye is 6-12 months. All YOYO
solutions have to be stored in plastic vials at —20 °C and pro-
tected from light.

2. Prepare the working alkaline solution daily in order to assure
the specific final pH of the reaction mixture. Mix 2.5 mL of
working alkaline solution with 0.25 mL TE buffer (1 mM
EDTA, 10 mM Tris—-HCI, pH 7.4) and 0.25 mL lysing solu-
tion and check the pH. If necessary, add a few more drops of
the alkaline working solution or 20 mM EDTA solution, make
a new reaction mixture and check the pH. Repeat the proce-
dure until the proper pH is reached. pH adjustment is an
essential step in order to achieve proper DNA denaturation in
alkaline conditions due to different DNA lengths and com-
plexity in difterent cell types or organism. The pH has to be
12.4 for human lymphocytes, 11.6 for RTG-2 cell lines, and
11.5 for mussel gills DNA. For any other cell lines or tissues
use the pH at which the difference between the slopes of the
denaturation curves for reference and investigated samples is
the highest.

3. Tissue samples can be stored at —80 °C for 1 year.

4. For mussel gills we usually dilute dissolved samples tenfold and
obtain 80-130 ng/mL DNA.

5. The total DNA content in samples may be assessed by UV
measurement of the 260 nm/280 nm ratio, but the fluoro-
chromatic dye YOYO-1-iodide provides a more sensitive and
precise determination of the total DNA content in the pres-
ence of other macromolecules in crude tissue homogenates or
cell suspensions. For Fast Micromethod the same quantity of
DNA should be placed in each well of the microplate. This can
be achieved by a precise measurement of DNA content in solid
tissues or cells and its standardization to 100 ng/mL of tissue
DNA or 107 cells. Therefore, the YOYO®-1-iodide determina-
tion of the DNA content is not only recommended but man-
datory prior to the Fast Micromethod analyses.
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6.

10.

11.

The final YOYO-1-iodide concentration is 2 x 10~7 M as rec-
ommended [17].

. The interactions between the fluorochrome dye PicoGreen

and DNA occur during lysing. The temperature, buffer com-
ponent, and time are important factors during the lysing
period. Lysing with 9 M urea solution on ice is recommended
in order to suppress DNA repair mechanisms [2]. However,
this may lead to the precipitation of the lysing buffer compo-
nents (e.g., urea). Therefore, the urea concentration has to be
reduced to 4.5 M and the lysing step has to be performed at
room temperature for only 30 min [18].

. Each sample has to be analyzed in quadruplicates.

. The PicoGreen fluorochrome exhibits a 1000-fold increase in

the fluorescence yield upon binding to double-stranded DNA
compared to the free fluorochrome in the solution. A simple
approach to quantifying the relative quantity of DNA in solu-
tions containing both double-stranded DNA and single-
stranded DNA is possible due to different lifetime characteristics
of each of the DNA-fluorochrome complexes (i.e., double-
stranded DNA-PicoGreen and single-stranded DNA-
PicoGreen) [19]. The fluorescence values of calf thymus
single-stranded DNA-PicoGreen and double-stranded DNA-
PicoGreen complex show large differences between the two
DNA-fluorochrome complexes over a wide range of DNA
concentrations (1-33 ng DNA) and alkaline conditions (pH
7.5-12.6).

The DNA denaturation time for the calculation of SSF is
defined by the differences of the slopes of the denaturation
curves for reference and investigated samples. It is the time
interval where the difference of the slopes is constant. In the
case of mussel gills DNA this time is 7 min, for mouse liver
10 min and for human liver 15 min. The slopes of the
denaturation curves describe the rate of DNA denaturation
and the decay of the double-stranded DNA-PicoGreen com-
plexes in alkaline conditions. The rate of DNA denaturation is
calculated as the difference in fluorescence values for the
desired time interval (time 1 and time 2) divided by the dena-
turation time:

Slope = A Fluorescence Units / time (min)

Equation derived from the definition of the strand scission fac-
tor [20]

SSF =1og10 (% dsDNA . /% dsDNA

sample reference )
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Thus SSF = 0 indicates an absence of additional DNA
strand breaks and alkaline-labile sites, while SSF < 0 indicates
increasing frequencies of strand breaks and alkaline-labile sites

in the samples.
12.

Standard deviations are relatively high in experiments deter-

mining DNA integrity in mussel gills. In the case of mussel
samples the standard deviation is derived from quadruplicate
measurements of no less than five mussels per concentration of
a tested genotoxin or, at least, from five in situ collected

mussels.

When there is a significant statistical difference between tissue
samples and the reference sample, it is possible to conclude that there
is indeed a biological effect of the investigated genotoxin on DNA
integrity in mussel gills cells. If the statistical difterence is not signifi-
cant enough, it is not possible to determine the biological effect of
the investigated genotoxin on DNA integrity. This can potentially be
related to repair processes and /or presence of cross-links.
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Chapter 14

Quantification of DNA Damage and Repair in Mitochondrial,
Nuclear, and Bacterial Genomes by Real-Time PCR

Nadja Patenge

Abstract

DNA damage caused by genotoxic insults is often used as an indicator of specific diseases, environmental
challenges, and metabolic processes. To date, various different methods have been described to detect
damaged DNA. Many techniques need high amounts of DNA for the analysis and /or require the exact
determination of DNA template concentration. Here, we describe a rapid and quantitative method for the
evaluation of the relative levels of damage in mitochondrial, nuclear, and bacterial DNA in comparison to
untreated controls. The approach is based on the real-time PCR amplification of DNA fragments of two
different lengths in the respective samples. DNA damage detection using this protocol is gene-specific.
The technique can also be expanded to monitor DNA repair and to detect genomic hot-spots for DNA
lesions.

Key words DNA damage, Quantitative PCR, Real-time PCR, DNA repair, Detection of DNA damage,
Genomic integrity, Mitochondrial DNA, Mitochondrial maintenance

1 Introduction

Metabolic processes, disease, UV-radiation, drugs, and industrial
waste cause the formation of reactive oxygen species (ROS) in liv-
ing organisms and lead to DNA damage. Quantitative determina-
tion of DNA damage under specific conditions is important for
the investigation of infection and chronic disease, for studying
aging and mitochondrial DNA maintenance. DNA damage is an
indicator of drug toxicity and an important marker used in eco-
toxicology. Furthermore, DNA integrity serves as a parameter for
the evaluation of the quality of stem cells or cryopreserved sperm.

A broad spectrum of approaches is available to detect damage
in prokaryotic as well as eukaryotic DNA. Typically used meth-
ods include Southern blot analysis, which is able to detect DNA
strand breaks semi-quantitatively but requires high amounts of
sample material [1]. The Comet assay is based on single cell gel
electrophoresis. It is a widely used approach detecting single- and
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double-strand breaks as well as alkali-labile DNA sites under alkaline
conditions [2]. In contrast, high-performance liquid chromatogra-
phy (HPLC) in combination with different detection methods
allows quantitative detection of a subset of specifically damaged
DNA products, e.g., 8-oxoguanine (8-0xoQG) or abasic sites [3].

A long-run quantitative PCR method was developed to mini-
mize the required input material. It permits the amplification of 25
kb long DNA fragments using just nanogram amounts of total
DNA [4]. In this method, band density of the PCR product is
quantified either by Southern blotting or by binding of a fluores-
cent dye. Thus, the multi-step procedure is still time-consuming,
and requires a high degree of optimization and accuracy for reliable
experimental results. Here, we describe a rapid, real-time, quantita-
tive PCR (qPCR) method for the accurate, relative quantification of
DNA lesions [5]. The approach requires 3 h to complete.

DNA lesions caused by genotoxic insults include double- and
single-strand breaks, abasic sites, and DNA adducts. These DNA
alterations are known to inhibit primer annealing or to block
polymerase-based DNA synthesis [6]. In the described qPCR
approach, the disruption of DNA polymerization is utilized for the
quantitative determination of DNA damage in a stressed sample in
comparison to an untreated control. In this method each template
is amplified in two independent reactions with distinct primer pairs.

The first primer pair leads to the production of a short amplicon.
This reaction serves as an internal concentration control, because
the probability for lesion formation within the small region is low.
For the small amplicon, cycle threshold (Ct) values of the treated
sample and of the undamaged control are very similar (Fig. 1a).
In the second reaction, a long amplicon is produced, which is more
efficiently synthesized in the untreated sample. Upon induction of
DNA damage, a number of template molecules will undergo DNA
modifications, which disrupt DNA polymerization or delay poly-
merase progression. As a consequence, the Ct-value of the treated
sample will be higher in comparison to the undamaged control
sample (Fig. 1b). Differential Ct-value determination allows the
calculation of lesions per template. Comparison of a small ampli-
con (internal concentration control) to a long amplicon (sample)
allows accurate DNA quantification without extensive adjustment
of DNA input concentration between samples. Furthermore, if
working with mtDNA, normalization for mitochondrial copy
number is achieved by this approach [7].

Initially, the method was developed for the detection of ROS-
induced mtDNA damage in cultured cells [2, 7]. Currently, we use
this technique for damage detection in bacterial DNA, and in
mtDNA extracted from mouse tissue samples for the monitoring
of the infection processes. Several laboratories have used this
protocol to investigate the role of eukaryotic DNA damage in dia-
betes, cancer, and neurodegeneration [8-12]. Furthermore, the
method was applied to test the quality of cryopreserved human
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A 60 bp
Short amplicon _:_=
Untreated control <’ — qﬁ
Long amplicon = — Cycle number
1000 bp
B 60 bp
Short amplicon S
Damaged Sample < . — polymerase arrest - £7_
Long amplicon —mmm—m—iam—m—
1000 bp - Cycle number

Fig. 1 Schematic of the assay principle. (a) PCR reactions with the untreated template result in a short and a
long product, depending on the primer pair employed. Due to the comparable efficiency of these reactions, the
Ct values of the fluorescence in the two reactions are similar. (b) When the damaged sample is used as a
template in PCR, the amplification of the short amplicon differs from the amplification of the long amplicon.
The probability for lesion generation is low within the short fragment compared to the long fragment. Thus,
PCR reactions with the primer pair specific for the short fragment tend to proceed without disturbances. In
contrast, in reactions with primers specific for the long fragment, the DNA lesions block polymerase activity in
a dose-dependent manner in a proportion of the template molecules. This increases the Ct values as compared
to the short fragment

and fish sperm [13-15]. Improved polymerases and dyes allow the
use of longer amplicons and thereby increase sensitivity of this
technique [16, 17].

2 Materials

2.1 DNA Isolation 1. DNeasy Blood & Tissue Kit (Qiagen) (see Note 1).
2. UV /Vis Spectrophotometer.

2.2 qPCR 1. PCR primers. All primers for real-time PCR listed here were
designed using Primer 3 software (see Note 2). PCR primers
should be HPLC-purified. The sequences of all the primers
used in this protocol are listed in Table 1 (see Note 3).

2. Maxima SYBR Green/ROX qPCR Master Mix (see Note 4).
3. PCR 96-well microtiter plates for LC 480 II.
4. Roche LightCycler 480 II Real Time PCR System (see Note 5).
5. Roche LightCycler® Software 4.0.

3 Methods

3.1 DNA Isolation 1. Collect samples from an experiment under the conditions of

interest, e.g. exposure to oxidative stressors, or from environ-
mental specimen. Any biological sample from which total
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Table 1

Oligonucleotides for DNA damage determination

Amplicon PCR
Amplicon name Forward strand (5’ — 3’) length (bps) efficiency (%)
S. pyogenes, gyrA long 775 94
Forward strand (5’-3") GGGATGGCAACTAACATTCCG
Reverse strand (5'-3") TCCAAACCAGTCAAACGACGC
S. pyogenes, gyrA short 89 95
Forward strand (5'-3") CAGACAGAATTGATGTCACG
Reverse strand (5'-3") TCCAAACCAGTCAAACGACGC
mmtD-loop® long 618 73
Forward strand (5’-3") CCATATGACTATCCCCTTCC
Reverse strand (5'-3") GATTAGAGTTTTGGTTCACGG
mmtD-loop short 69 92
Forward strand (5’-3") AAGGACAGCACACAGTCTAG
Reverse strand (5'-3") CTTAGGTGATTGGGTTTTGCG
hmtD-loop® long 972 78
Forward strand (5’-3") CTGTTCTTTCATGGGGAAGC
Reverse strand (5'-3") AAAGTGCATACCGCCAAAAG
hmtD-loop® short 55 98
Forward strand (5'-3") CCCTAACACCAGCCTAACCA
Reverse strand (5'-3") AAAGTGCATACCGCCAAAAG

*‘mmtD-loop: mouse mitochondrial D-loop
*hmtD-loop: human mitochondrial D-loop

3.2 qPCR Reaction

DNA can be isolated is suitable for the analysis. These include
bacterial pellets, homogenized organ tissues, and cultured
cells. A group of nontreated samples should serve as controls.

2. Purify total DNA from your sample (see Note 1).

1.

. Determine DNA quantity and purity by spectrometric analysis.

The DNA should exhibit a high purity (A260,/A280 > 1.8)

and can be stored at 4 °C for at least a month.

Set up a reaction mix per well containing: 10 pL. Maxima SYBR
Green/ROX qPCR Master Mix (2X), 1.2 pL of forward primer
(10 pM), 1.2 pL reverse primer (10 pM), DNA sample (2-100
ng) (see Note 6), and nuclease-free water (included in the
SYBR Green kit) to 20 pL. Perform each reaction in triplicates.
Include a non-template control. Prepare a master mix when-
ever appropriate to minimize pipetting errors.
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2. Due to the different cycling conditions for long and short
fragments, carry out the respective reactions in separate 96-well
plates. For short amplicons use the following cycling condi-
tions: 10 min at 95 °C, 10 sat 95 °C, 10 s at 60 °C, 10 s at 72 °C,
40 cycles. Melting curve: 5 s at 95 °C, 15 s at 70 °C.

For long amplicons use the following program: 10 min at
95 °C, 10 s at 95 °C, 10 s at 60 °C, 30 s at 72 °C, 40 cycles.
Melting curve: 5 s at 95 °C, 15 s at 70 °C.

3. Calculate Ct values by using the LightCycler® Software 4.0.

3.3 Determination The purpose of this step is to evaluate if the primers designed for
of PCR Reaction the respective target region are suitable for relative quantifica-
Efficiencies tion of the template DNA. Furthermore, at this stage you also

determine the DNA concentration range, which can be used for
quantification. Within the appropriate concentration range, the
amplification will be linear with respect to the input DNA
concentration.

1. Set up serial dilutions of total DNA from an untreated sample
up to 1:10,000, corresponding to a DNA concentration range
of approximately 50-0.005 ng/pL (see Note 7).

2. Perform a qPCR employing the conditions described in
Subheading 3.2. qPCR reaction. Use each of the different
dilutions as a template for triplicate reactions with the primer
pair to be tested.

3. Plot the mean of the Ct values of each triplicate against the
quantity of template (e.g., dilutions 10-5-107!) to create a
standard curve.

4. Calculate PCR efficiencies using the linear regression slope of
the standard curve using the following formula: efficiency =
—1 + 10C-148epe) (gee Note 8). Slopes between —3.3 and —4.0
correspond to reaction efficiencies between 100% and 78%.

3.4 DNA Lesion Rate  The DNA lesion rate is estimated on the basis of the assumption of

Analysis an even distribution of the damaged sites. The underlying analyses
follow the 242¢ method [18].

1. Perform qPCR reactions using the conditions described in
Subheading 3.2. qPCR reaction. Use DNA purified from non-
treated and treated samples as templates.

2. For each sample, set up independent triplicate reactions
employing primers specific for the short amplicon and primers
specific for the long amplicon, respectively.

3. Use the mean of the Ct values of each triplicate for the calcula-
tion of the lesion rate (se¢ Note 9).

4. Compare each of the treated samples individually to the non-
treated control. For this first determine differences between
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the mean Ct values of treated samples and nontreated samples
for the long amplicon. Then repeat the procedure with the
mean Ct values of treated samples and nontreated samples for
the short amplicon. Calculate the lesion rate per 10 kb accord-
ing to the following formula (see Note 10):

ACt long—ACt short) x 10’ 000 (bpS)

Lesion rate =1—2" -
Size of long fragment (bps)

4 Notes

1. If you have established a protocol to prepare high-quality DNA

from your sample, there is no need to change your system.
Low amounts of pure DNA can be used as input material
regardless of the purification protocol. However, DNA quality
for qPCR should be tested with a set of known primers before
starting the experiment. Make sure that your DNA purification
protocol does not damage your sample DNA, e.g., by
shearing.

. The detection method is gene-specific. Design your own prim-

ers specific for your organism of interest and appropriate for
your objective. Besides testing the DNA damage in the sample
cells, the technique can be used to find hot spots of DNA
lesion formation in the genome following exposure to a spe-
cific stressor. It is crucial to test the PCR efficiency for your
specific primer-template combination. It may be challenging to
establish a high PCR efficiency for the long amplicons. Be sure
to use a set of primers that allow an efficiency of at least 70%.

. More examples of useful primers can be found in the publica-

tions cited in the Introduction to this chapter. Several working
groups used this protocol with primers specific for different
organisms.

. The qPCR reaction works with intercalating dyes as well as

with labeled oligonucleotide probes. We used intercalating
dyes to work with several primer sets in studies of different
organisms and genes. If you are planning to use a limited set of
primers, it might be worthwhile establishing your reactions
using fluorophore-labeled oligonucleotides [19].

. There is no need to change the cycler or the reagents if a dif-

ferent type of PCR cycler and an established qPCR protocol is
already in use in the laboratory. Adapt the cycle conditions for
the long amplicon and make sure to verify the conditions and
the primer suitability by determining the reaction efficiency as
described in Subheading 3.3.
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. The optimal DNA amount depends on the complexity of the

sample and the efficiency of the primers which is determined as
described in Subheading 3.3.

. The concentration range to be tested should include the antici-

pated DNA concentration expected to be attained from the
experimental samples. This permits determining if the qPCR-
based analysis is sensitive enough for the amount of DNA
available from the actual samples.

. Conveniently, there are several free online PCR efficiency cal-

culators available.

. The PCR reaction should be redone if one of the Ct values

from the triplicate reactions differs noticeably from the other
two, or if all three Ct values are inconsistent. Do not attempt
to use the mean of variable Ct values for the lesion analyses.
This will interfere with a thorough data interpretation.

Improved polymerases and dyes can increase sensitivity of the
technique because they permit using longer amplicons. For the
calculation of DNA damage on long amplicons >1000 bp,
another algorithm can be employed [20]. To achieve a higher
accuracy, the reaction efficiency can be considered in the analy-

ses [14, 17].
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Chapter 15

Zebra Tail Amplification: Accelerated Detection
of Apoptotic Blunt-Ended DNA Breaks by In Situ Ligation

Viadimir V. Didenko

Abstract

In situ ligation (ISL) is a simple and specific technique for apoptosis labeling in tissue sections. In its most
economical version ISL uses ordinary PCR-labeled DNA fragments as probes. In tissue sections these
makeshift probes are ligated to apoptotic DNA breaks by T4 DNA ligase. The approach can selectively
label 5'PO4 DNA breaks with blunt ends, and is the histological equivalent of electrophoretic apoptotic
ladder detection. The main drawback of this technique is its low speed, as it requires 18 h-incubation for
efficient labeling. Here, we describe an easy modification of ISL which reduces the incubation time to 1 h
and converts ISL into a rapid detection method taking ~3 h overall. Signal enhancement is achieved by a
new type of isothermal amplification reaction which generates “zebra tails”— long and labeled extensions
of the probes attached to DNA breaks.

Key words In situ ligation, Zebra tail amplification, Rapid apoptosis detection, Isothermal amplifica-
tion, Blunt-ended DNA breaks labeling, Signal enhancement

1 Introduction

The majority of DNA fragments produced in apoptotic DNA
cleavage are blunt-ended and have 3'OH /5'PO, functional groups
at the ends [1-3]. The techniques that simultaneously detect sev-
eral of these DNA cleavage features can label apoptotic cells with
increased specificity. In situ ligation (ISL) is one of those tech-
niques [4]. This approach detects two markers of apoptotic DNA
fragmentation: blunt DNA ends and terminal 5’ phosphates in
DNA breaks in fixed apoptotic cells. The reaction is carried out by
adding blunt-ended 5'OH DNA probes and T4DNA ligase directly
to tissue sections [5] (Fig. 1). The ISL labeling occurs only when
both markers of apoptotic DNA cleavage are simultaneously pres-
ent. As a result, the assay is more specific for apoptosis than TUNEL
which labels a single marker of broken DNA—free 3'OH groups
[4, 6-8]. Free 3'OH groups in DNA represent a much more
generic type of DNA damage and can be produced as artifacts of

Vladimir V. Didenko (ed.), Fast Detection of DNA Damage: Methods and Protocols, Methods in Molecular Biology, vol. 1644,
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PCR Probe DNA breaks detection
A' B 3'0H 5'0H
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DNA breaks in tissue section

Fig. 1 ISL probe and regular ISL labeling. (a) A regular ISL probe is a blunt-ended DNA fragment with 3'0H/5’0H
at the ends. It can be tagged with either digoxigenin or fluorophores. The probe’s actual sequence is unimport-
ant for the regular ISL procedure. The probe can be used in the isothermal signal amplification procedure if it
contains a single recognition site for a blunt-end restrictase (Sma | in this example). (b) In the regular ISL,
probes are ligated to 5’P0, blunt-ended apoptotic DNA breaks in tissue sections. They cannot ligate to each
other due to the absence of 5'P0O, termini required by T4 DNA ligase. Therefore, the regular ISL reaction stops
when all DNA probes are ligated to 5'P0O, breaks in apoptotic DNA

tissue section processing, cutting, or heating. In addition, 3'OH
termini in DNA are generated in necrosis, nonlethal DNA damage,
and DNA repair. All of these can produce TUNEL staining not
related to apoptosis. This shortcoming of the TUNEL assay is dis-
cussed in a number of cautionary notes [6, 9-17]. In spite of this
limitation TUNEL is far more popular than the more specific ISL
technique. One of the reasons is the time-consuming nature of
ISL, requiring 18 h-long incubations, much more protracted than
the ~3 h-long TUNEL [18].

Accelerating ISL detection would make it significantly more
attractive for routine apoptosis labeling in the tissue section for-
mat. However, the considerable length of incubation in ISL is
essential for the ligation of a sufficient number of probes to DNA
breaks in tissue sections. The probe attachment to DNA ends that
are hidden inside tissue section is slower than DNA ligations occur-
ring entirely in solution. This is probably due to the lower acces-
sibility of the cellular ligation targets which are partially concealed
in the cross-linked matrix of the section. The ISL labeling reaction
is not accelerated by commercially available ultrafast ligation mixes
exploiting the volume exclusion effect of PEG, because similar or
even higher PEG concentrations are already used in ISL protocols
[5, 19, 20]. The same is true for boosting the T4 DNA ligase con-
centration, as the standard ISL protocol already uses the highly
concentrated enzyme [5, 19]. Besides, following this approach
even further can make the assay prohibitively expensive.

The other way to make this assay faster is by a major increase
of the probe signal. Interestingly, such an approach was employed
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in the biochemical counterpart of ISL [2] which appeared soon
after we developed the in situ ligation method [6]. Then a paper
was published in 1997 describing a PCR-based technique, which
also used ligase, this time for biochemical detection of double-
strand breaks in DNA of apoptotic cells [2]. In this study, nucleo-
somal ladders were revealed by a ligation-mediated polymerase
chain reaction (LMPCR), which amplified DNA fragments with
blunt, 5" phosphorylated ends. LMPCR combined detection and
PCR-based amplification steps into a single procedure and was
therefore fast and sensitive.

However, the straightforward adaptation of PCR-based ampli-
fication to the ISL technique proved to be difficult. Therefore, we
developed an alternative amplification technique, which specifically
enhances ISL signal. This new amplification procedure eliminates
the need for the time-consuming incubations with ligase because
sufficient ISL signal is achieved after 1 h incubation.

The ISL signal is enhanced with the help of the new isothermal
cyclic elongation reaction that makes the already ligated probes
much longer by generating their protracted labeled extensions—
“zebra tails.” These are produced by repetitive ligations of the new
probes to the continually reactivated ends of the growing “seed”
probes. The term “zebra tail” originates from the graphical repre-
sentation of this perpetual lengthening when each new ligation
event is marked with a black stripe. The ongoing probe extension
produces the familiar “zebra” pattern.

Remarkably, the “zebra tail” signal amplification is initiated by
introducing a very minimal change to the standard ISL protocol.
The amplification cycles start after the addition of a restriction
enzyme to the labeling mix. The added restrictase is required to be
a blunt-end cutter and to have a single cleavage site in the PCR
fragment used as an ISL probe. The principles of the zebra tail
amplification (ZTA) technique are illustrated in Fig. 2.

In sum, the amplification reaction constantly regenerates the
ligatable blunt end of the growing probe enabling its continuous
elongation. Every cleavage-ligation cycle adds either the full- or the
partial-length of the initial labeled DNA fragment (see Note 1).
When each new ligation event is marked with a black stripe, the
multiple cycles of cleavage-ligation produce a long “zebra tail” of
labeled DNA (Fig. 2) (see Note 2).

Because “zebra tails” are the direct extensions of the reacted
probes, they do not disperse or diffuse and indicate the probe’s
location with high accuracy. This property can be useful in provid-
ing better resolution during in situ detection.

The presented protocol is applicable for specific non-fluorescent
detection of apoptotic cells in tissue sections. The procedure is
eightfold faster compared to the original ISL and overall takes ~3 h
to complete.
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Fig. 2 Zebra tail amplification of ISL signal. Step 1. A restrictase present in the labeling mix cleaves the ligated
ISL probes in the section and produces the new generation of blunt ends with 5'P0O,. These serve as selective
targets for the second round of probe ligation. Step 2. Any ISL probe in solution, regardless if it is cut or not
(has 5’PQ, or 5’0H at the ends), can now ligate to the cleaved probes in the section possessing 5'P0, at the
ends. In some cases it can restore the original probe (when 3'0H/5'P0, end of the solute probe is ligated to
3’0H/5"P0O, end of the probe in the section); this will be immediately re-cleaved and will not hamper the ampli-
fication reaction (not shown). In other cases, such as the reverse end ligation, (when 3’0H/5'0H end of the
solute probe is ligated to 3'0H/5’P0, end of the probe in the section) the restriction site is not regenerated, so
the extended probe cannot be re-cut. This permanently elongates the “seeded” probe and exposes the new
5'P0Q, at its growing end, thus enabling another round of extension. The newly-generated 5'PQ, at blunt ends
are responsible for the growth of the labeled DNA strand and the ISL signal amplification. “Zebra tail” image is
formed when each new ligation event on the growing DNA strand is marked with a black stripe

In addition to the time economy, the increased signal intensity
can be helpful for better visualization of morphological changes in
individual apoptotic cells when strong and selective labeling of the
apoptotic nuclear chromatin is needed (see Note 3). The assay can
also be applied for specific identification of minute apoptotic bod-
ies in preparations of microvesicles, exosomes, and other extracel-
lular vesicles [21].

2 Materials

1. The 5-6 pm-thick sections cut from paraformaldehyde-fixed,
paraffin-embedded tissue blocks onto charged and precleaned
slides.

2. Xylene.
3. 70, 80 and 96% Ethanol.

4. T4 DNA ligase 5 U/pL (Roche Molecular Biochemicals,
Indianapolis, IN) (see Note 4).
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. 10x reaction buffer for T4 DNA ligase: 660 mM-Tris—HCI,

50 mM MgCl,, 10 mM dithioerythritol, 10 mM ATP, pH 7.5
(20 °C) (Roche Molecular Biochemicals, Indianapolis, IN).

. 30% (w/v) solution of PEG-8000 (Sigma, St. Louis, MO) in

bidistilled water (see Note 5).

. Proteinase K (Roche Molecular Biochemicals, Indianapolis,

IN) 20 mg/mL stock solution in distilled water. Store at
—20 °C. In the reaction use 50 pg/mL solution in PBS, pre-
pared from the stock. Do not reuse (see Note 6).

. PCR-derived digoxigenin-labeled DNA fragment obtained

using Pfu polymerase (see Note 7).

The sequence of the fragment is not important. However, it
should contain a unique restriction site. We used the same 226
bp long PCR-labeled fragment as before in regular ISL [6, 19].
It contained a single Sma I restriction site (se¢ Note 8).

. Sma I restriction endonuclease 20 U/pL (New England

Biolabs, Indianapolis, IN). This enzyme is used only with the
PCR fragment described above. If another fragment is used,
check its restriction map, and select the appropriate blunt end-
producing restrictase (see Note 9).

Phosphate-buftered saline (PBS), pH 7 4.
Washing buffer: 100 mM Tris-HCI, pH 7.5; 100 mM NaCl.

Blocking solution: 10% sheep serum in 100 mM Tris—HCI,
pH 7.5; 100 mM NaCl.

1-Step™ NBT/BCIP (Pierce)—ready-to-use substrate for
alkaline phosphatase that yields a very intense purple signal. If
background caused by endogenous phosphatases is a problem,
then 1-Step NBT/BCIP plus Suppressor can be used. This
substrate formulation additionally contains 1 mM levamisole
to inhibit endogenous phosphatase activity.

Anti-digoxigenin antibody—alkaline-phosphatase conjugate
(Roche Molecular Biochemicals, Indianapolis, IN). Fab frag-
ments from an anti-digoxigenin antibody from sheep, conju-
gated with alkaline phosphatase for the detection of
digoxigenin-labeled compounds.

22 x 22 mm or 22 x 40 mm glass or plastic coverslips. Plastic
coverslips are preferable as they are easier to remove from the
section.

Aqueous slide mounting media such as Aqua-Mount (Thermo
Fisher Scientific, Waltham, MA) or ImmunoHistoMount
(Santa Cruz Biotechnology, Santa Cruz, CA).

Microscope with appropriate filters and objectives.



172 Vladimir V. Didenko

3 Method

. Place the sections in a slide rack and dewax in xylene for 5 min,

transfer to a fresh xylene bath two more times for an additional
2 min each. For each transfer, dip cassette up and down three
times.

. Rehydrate by passing through graded ethanol concentrations:

96% Ethanol—2 x 2 min; 80% Ethanol—2 x 2 min; 70%
Ethanol—2 min; water—2 x 2 min. For each transfer, dip cas-
sette up and down three times.

. Digest section with Proteinase K. Use 100 pL of'a 50 pg/mL

solution per section. Incubate for 10 min at room temperature
in a humidified chamber (se¢ Note 10).

. Rinse in distilled water for 3 x 2 min. For each transfer, dip

cassette up and down three times.

. Apply 100 pL per section of the pre-incubation solution.

Incubate for 5 min at room temperature (23 °C). The pre-
incubation solution consists of a 1x T4 DNA ligase reaction
bufter supplemented with PEG-8000 to the final concentra-
tion of 15%. It contains 66 mM-Tris HCI, pH 7.5, 5 mM
MgCl,, 1 mM dithioerythritol, 1 mM ATP, and 15% polyeth-
ylene glycol (see Note 11).

. Aspirate the pre-incubation solution and apply the full ligase

reaction mix with the probe (750 ng/pL stock) and T4 DNA
ligase (see Note 12).

In situ ligation labeling solution (20 pL per section):
Prepare on ice in this order:

4 pL—Dbidistilled water.

10 pL—PEG8000 (30% stock solution).

2 nL—10x butfer for T4 DNA ligase.

1 pL—PCR labeled probe (0.5 pg/pL).

2 nL—T4 DNA ligase (5 U/pL) (see Note 4).

1 pL—Sma I restrictase (20 U/uL) (see Note 9).

The total volume of the labeling solution can be scaled
up to accommodate the bigger sections.
Incubate for 1 h. at room temperature (23 °C) (see Note
13) in a humidified chamber with a plastic coverslip.
The total volume of the labeling solution can be scaled up
to accommodate the bigger sections.

. Remove coverslips by gently immersing the slides vertically in

a Coplin jar containing water at room temperature. Then wash
sections 3 x 5 min in distilled water.

. Apply 100 pL per section of the blocking solution containing

10% sheep serum. Incubate for 15 min at room temperature
(23 °C) in a humidified chamber.
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. Aspirate the pre-incubation solution and apply 50 pL per sec-

tion of solution of anti-digoxigenin antibody—alkaline-
phosphatase conjugate diluted 1:100 in the blocking solution.
Incubate for 10 min at room temperature (23 °C) in a humidi-
fied chamber.

Wash 2 x 10 min in 100 mM Tris-HCI, pH 7.5; 100 mM
NaCl.

Apply 1-Step™ NBT/BCIP substrate solution for alkaline
phosphatase. Keep in the dark. Monitor color development.
The color usually develops in 5-20 min.

Stop reaction by rinsing sections in water. Add water-soluble

mounting media such as Aqua-Mount or ImmunoHistoMount
and coverslip.

4 Notes

. The elongation reaction is a single-strand ligation occurring

between 3'OH and 5'PO, termini, whereas 3’OH and 5’OH
termini cannot be linked by T4DNA ligase. Therefore, each
fully formed double-strand “zebra tail” contains the regularly
positioned nicks in one opposing strand.

. Some free-floating “zebra tails” are also created in solution,

where restriction and amplification can occur prior to probe
ligation to DNA breaks in the section. This does not change the
results of the labeling reaction, because the longer probes cre-
ated in this case have the same configuration of ends as the origi-
nal fragment. When ligated to breaks in the section, they detect
the same type of DNA damage and produce enhanced signal.

. Both ISL and its ZTA enhancement presented here can selec-

tively detect blunt-ended and 5’ phosphorylated DNA breaks.
This is convenient for apoptosis labeling because the majority
of DNA breaks in apoptosis are blunt-ended with the
3'OH/5'POy at the ends [ 1-3]. However, smaller numbers of
these same breaks are produced in other important situations,
such as V(D)] recombination [22], as a result of action of ion-
izing radiation, various chemicals, free radicals, and biological
processes [23, 24 ].

. In our experiments the highly concentrated (5 U/puL) (Roche

Molecular Biochemicals, Indianapolis, IN) ligase preparation
repeatedly gives the best signal.

. DNA ligation is strongly stimulated by 15% PEG-8000 in the

reaction solution due to the volume exclusion effect [20].
However, sometimes PEG presence can cause nonspecific
background staining. In such cases reducing PEG concentra-
tion can significantly reduce or eliminate the problem.
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6. In high concentrations (1 mg/mL and higher) proteinase K is

a very stable enzyme and can be stored for extended time.
However, it gradually loses activity when stored in aqueous
solutions at low concentrations (~10 pg/mL) [25].

. Pfuis a proofreading polymerase and exclusively produces blunt-

ended DNA fragments in PCR. The non-proofreading polymer-
ases, such as Taq, produce PCR fragments, which contain single
base extensions at their 3" ends. This prevents ZTA from pro-
gression because the fragments with single base overhangs do
not ligate to the blunt ends of the growing “zebra tails.”

In PCR probe labeling we prefer using digoxigenin over
biotin as it produces less background staining in our experi-
ments. In general, Pfu efficiently incorporates digoxigenin-11-
dUTP or biotin -dUTP if the ratio of substituted-dUTP to
dTTP in the labeling mix is 1:2. Therefore usually ~35% of a
dTTP in the Pfu PCR reaction mix is substituted by its tagged
analog [19]. This is expected to translate into the substitution
of ~35% of thymidines in our 226-bp probe by the tagged
nucleotides and would result in the insertion of 26 tags. The
PCR labeling of in situ ligation probes and their application is
described in detail elsewhere [19].

. The complete sequence of the fragment is presented in [26].

However, this specific sequence has little importance for the
labeling reaction. Almost any 100-500-bp long PCR-derived
fragment can be used. This range of probe lengths was success-
fully employed by different laboratories for the original ISL
procedure [6, 27-35], and can serve as a starting point for
ZTA, which is an accelerated ISL staining. Much longer probes
are impractical as they can break during purification and stor-
age, producing smaller fragments with nonspecific configura-
tions of ends.

. Different restrictases can be used to drive the reaction. Although

we have successfully used frequent cutters, such as Alu I, and
more rare cutters such as Sma I, but it is probably better to use
rare cutters whenever possible, because the fewer restriction
sites per genome potentially limit the likelihood of creating arti-
factual blunt-ended DNA breaks in the section. In any case the
control sections are still needed. Such control sections with
confirmed absence of ds DNA breaks should be treated with
restriction enzyme alone and then tested by in situ ligation to
exclude the possibility of the creation of additional DNA breaks.
In our experience, short time (1 h) incubation with Sma I did
not create DNA breaks in formalin-fixed human sections, most
likely because DNA in the formalin-fixed tissues is cross-linked
and is not readily available for cleavage by restrictases. Sma I is
used at room temperature (25 °C is recommended by New
England Biolabs). At 37 °C it has a half-life of only 15 min.
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Proteinase K digestion time may need adjustment depending
on the tissue type. Insufficient digestion may result in a weaker
signal. Overdigestion results in signal disappearance and sec-
tion disruption. Most often 10-15 min digestion is sufficient.

Pre-incubation with ligation buffer ensures even saturation of
the section prior to the addition of the enzyme and the probe,
and was shown to increase the ligation efficiency. Prepare pre-
incubation solution by adding 10 pL of the 10x ligase buffer
(Roche) to 40 pL of bidistilled water and 50 plL of 30%
PEG-8000.

A mock reaction is recommended as a regular control in order
to rule out nonspecific background staining. In the mock reac-

tion an equal volume of 50% glycerol in water is substituted for
T4 DNA ligase.

Lowering of the temperature to 16 °C reduces the signal; a
temperature increase to 37 °C completely eliminates the
signal.
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Chapter 16

Twelve-Gel Comet Assay Format for Quick Examination
of DNA Damage and Repair

Sergey Shaposhnikov and Andrew Collins

Abstract

The comet assay (single cell gel electrophoresis) is a sensitive, versatile method for detecting DNA damage
in eukaryotic cells. The traditional comet assay format has 1 or 2 gels on a microscope slide, 1 sample per
slide, and there is a limit of 40 gels per experiment given the size of a typical electrophoresis tank. To
increase throughput, we have designed and tested a system with 12 minigels on one slide, allowing analysis
of up to 12 times more samples in one electrophoresis run. The novel comet assay format compares well
with the traditional technology. The various steps are suitable for further automation, and the formats can
be adapted to fully automated scoring. The new procedures save time at all stages as fewer slides are han-
dled, and the amounts of reagents needed are reduced significantly. This format is particularly useful for
testing of numerous genotoxic agents and nanomaterials at different concentrations and on different types
of cells; simultaneous analysis of different lesions using a range of enzymes; and analysis of cell extracts for
DNA repair activity.

Key words Comet assay, High-throughput genotoxicity assay, DNA damage, DNA repair

1 Introduction

The comet assay is the method of choice for measuring DNA dam-
age in cellular DNA [1]. Briefly, cells in suspension are embedded
in a thin layer of agarose on a microscope slide, lysed, and
electrophoresed.

The lysis step includes incubation in a solution containing
Triton X-100, which breaks membranes, and high salt, which strips
off histones. This leaves the DNA in a nucleosome-free form,
which remains attached to the nuclear matrix in a structure known
as a nucleoid.

On electrophoresis, DNA is attracted toward the anode, but
migration occurs only if breaks are present. The migrating DNA
from each cell forms a comet-like structure when viewed by fluo-
rescence microscopy, and the fraction of DNA in the tail is propor-
tional to the frequency of breaks.
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The assay can be combined with lesion-specific endonucleases,
so that damage other than simple strand breaks can be measured.
Formamidopyrimidine DNA glycosylase (Fpg) is used to detect
oxidized purines (mainly 8-oxoGua), endonuclease 11 for oxidized
pyrimidines, and T4 endonuclease V for UV-induced cyclobutane
pyrimidine dimers.

Repair of different kinds of DNA damage can be monitored
simply by incubating cells after treating them with a specific
damaging agent, and measuring the damage remaining (e.g.,
strand breaks, or enzyme-sensitive sites) at intervals during the
incubation. Alternatively, a cell extract is incubated with a substrate
of nucleoids containing specific DNA lesions, and the capacity of
enzymes in the extract to introduce DNA breaks is a measure of
repair activity.

The advantages of the assay are its simplicity, speed, sensitivity,
applicability to different cell types, avoidance of radioactive label-
ing, and—perhaps most significantly—the fact that damage is
assessed at the level of individual cells.

The limitation of the traditional version of the assay is that it is
not suitable for large screening studies, in which a high-capacity
robust and standardized assay is needed. The conventional comet
assay format has 1 or 2 gels on a microscope slide. Processing of
samples is time consuming, and there is a limit of 40 gels per exper-
iment, given the size of a typical electrophoresis tank.

To optimize the method, we have developed an alternative
12-gel comet assay format [2]: Using a simple template, 12 mini-
gels are set in a 6 x 2 array on a microscope slide.

If the gels are to be treated with different reagents or enzymes,
the slide is clamped in a chamber device and the gels are separated
by a gasket placed on the slide with the holes positioned over the
gels so that incubations can be carried out independently (Fig. 1).

With the use of the novel 12 gel format several times more (up
to 240) samples can be analyzed with one electrophoresis run, and
fewer cells and smaller volumes of test solutions are required.

Applications of the modified method include treatment with
genotoxic agents at different concentrations, simultaneous analysis
of different lesions using a range of enzymes, and analysis of cell
extracts for DNA repair activity.

The novel comet assay format compares well with the tradi-
tional technology, with the advantage of higher throughput. The
various steps are suitable for further automation, and the formats
can be adapted to fully automated scoring. The new procedures
save time at all stages as fewer slides are handled and reduce the
amounts of reagents needed.
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Fig. 1 Component parts of a 12-gel chamber unit, including metal base with marks for positioning gels on
slide, silicone rubber gasket, plastic top-plate with wells, and silicone rubber seal

2 Materials

2.1 Equipment
and Supplies

. Staining jars (vertical or horizontal).
. Glass slides (frosted end).

. Parafilm.

. Incubator for 37 °C.

. Moist chamber (e.g., glass or plastic box with platform for
slides above a layer of water).

|92 W= NS B NS R

. Eletrophoresis tank (horizontal).
. Electrophoresis power supply.

. Fluorescence microscope.

O 0 NN O

. Incubation chamber with silicon gasket (Norgenotech AS,
Norway).

2.2 Reagents 1. Normal melting point agarose (NMP agarose): 1% in H,O. A
and Solutions few 100 mL is enough for several hundred slides.

2. Low melting point agarose (LMP agarose): 1% in PBS. Store
at 4 °Cin 10 mL aliquots.

3. Phosphate-buftered saline (PBS).

4. Reagents for cell culture.

5. Histopaque 1077 (Sigma) or Lymphoprep (Axis-Shield AS,
Norway).

6. Lysis solution: 2.5 M NaCl, 0.1 M EDTA, 10 mM Tris.
Prepare 1 L. Set pH to 10 with 10 M NaOH solution. (Add
35 mL of NaOH straight away to dissolve EDTA, and then
add dropwise to pH 10). Add 1 mL Triton X-100 per 100 mL
immediately before use.

7. Alkaline electrophoresis solution: 0.1 M NaOH, 1 mM EDTA.
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2.3 Enzymes

8. Enzyme reaction buffer: 40 mM HEPES, 0.1 M KCl, 0.5 mM
EDTA, 0.2 mg/mL BSA, pH 8.0 with KOH (can be made as
10 x stock, adjusted to pH 8.0 and frozen at —20 °C).

Endonuclease III (endo III), formamidopyrimidine glycosylase
(Fpg), and T4 endonuclease V are commercially available in puri-
fied form, or may be obtained from a laboratory producing them.
They are isolated from bacteria containing over-producing plas-
mids. Because such a high proportion of protein is the enzyme, a
crude extract is satisfactory, as nonspecific nuclease activity is not
significant at the concentrations employed. The final dilution of
the working solution will vary from batch to batch. Follow sup-
plier’s instructions, or use the following as a guide (assuming a
final dilution of 3000x) (se¢ Note 1).

FPG:

1. On receipt, dispense the stock solution into 5 pL aliquots and
refreeze at —80 °C. This is to minimize repeated freezing and
thawing.

2. Take one of these aliquots and dilute to 0.5 mL using the
enzyme reaction buffer—with the addition of 10% glycerol.
Dispense into 10 pL aliquots (label as “100x diluted”) and
freeze at —80 °C.

3. For use, dilute one of these 10 pL aliquots to 300 pLL with buf-
fer (no glycerol) and keep on ice until you add it to the gels: do
not refreeze this working solution.

Endo IIT and T4 endonuclease V:

1. Dispense the stock solution into 5 pL aliquots and refreeze at
-80 °C.

2. Take one of these aliquots and dilute to 0.5 mL using the
enzyme reaction buffer (no need to add glycerol as Endo 11 is

more stable). Dispense this into 10 pL aliquots (label as “100x
diluted”) and freeze at —80 °C.

3. For use, dilute one of these 10 pL aliquots to 300 pL with buf-
ter (no glycerol) and keep on ice until you add it to the gels.

3 Methods

3.1 Slide Preparation
for the Comet Assay
(Precoating)

1. The slides for precoating should be grease-free; clean if neces-
sary by soaking in alcohol and then wiping dry with a clean
tissue.

2. Dip slides in a vertical staining jar of melted 1% standard aga-
rose in H,O.



3.2 Lysis

3.3 Gels Treatment
with Enzymes or
Reagents

3.4 Alkaline
Electrophoresis
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3.

Drain off excess agarose, wipe the back clean, and dry by leav-
ing on a clean bench overnight of attached cells in culture or
after disaggregation of tissue at 2.5 x 10° cells/mL in PBS.

. Quickly add 140 pL of 1% LMP agarose to 30 pL of cells at 37

°C and mix by aspirating agarose up and down (once) with
pipettor.

. Place twelve 5 pL drops onto the precoated slide as two rows

of six (without coverslips). Allow gels to set at 4 °C for 5 min.

. Add 1 mL Triton X-100 to 100 mL of lysis solution (4 °C).

2. Place in this solution in a (horizontal) staining jar.

. Leave at 4 °C for a period of at least 1 h (overnight lysis is

possible).

. (For incubation with different reagents proceed from step 2

below), for enzyme treatment wash slides in three changes of
the enzyme buffer at 4 °C in a staining jar, for 5 min each;
remove slides from last wash, and dab off excess liquid with
tissue.

. Place the gasket on the slide with the holes positioned over the

gels, and held under light pressure in a specially designed
chamber (see Fig. 1).

. Pipette reagents or enzymes onto the gels, and place the cham-

ber in a humid box at 37 °C for 30 min (or use other condi-
tions suitable for your purposes).

. Gently place slides on platform in tank, immersed in alkaline

electrophoresis solution (see Note 2), forming complete rows
(fill gaps with blank slides).

. Make sure that tank is level and gels are just covered. Leave for

20 min.

. For most tanks (i.e., of standard size), run at 25 V (constant

voltage setting) for 20 min.

. If there is too much electrolyte covering the slides, the current

may be so high that it exceeds the maximum—so set this at a
higher level than you expect to need. If necessary, i.e., if 25 V
is not reached, remove some solution. Normally, the current is
around 300 mA but this is not crucial (se¢ Note 3).

. Neutralize by washing for 10 min with PBS in a staining jar at

4 °C, followed by 10 min wash in water.

. Proceed to staining while gels are wet.

. Dry (room temperature) for microscopy or storage.
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3.5 Staining
and Scoring

Use appropriate DNA stain according to the recommendation of
the supplier. We normally stain in SYBR Gold diluted as 1:10,000 in
TE-butter for 20 min. Depending on the number of slides staining
can be done either under coverslips or in jars. After staining the
preparations are examined using a fluorescence microscope cou-
pled with a software designed for scoring comets. We use Comet
IV from Perceptives (UK) and Pathfinder from Imstar (France).

4 Notes

1. The buffer in which enzyme is stored may contain

f-mercaptoethanol to preserve the enzyme. However, inclu-
sion of sulthydryl reagents in the reaction buffer would signifi-
cantly increase background DNA breakage.

. Electrophoresis solution should be cooled before use, e.g., by

pouring into the electrophoresis tank in the cold room an hour
or so before it is needed.

. The voltage depends on tank dimensions. 0.8 V/cm is recom-

mended, calculated on the basis of the distance across the plat-
form (where the conducting layer is least deep and the
resistance highest). The changes in voltage /current/resistance
across the tank from electrode to electrode, and the conditions
within the gel, provide an interesting exercise in simple theo-
retical physics.
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Chapter 17

Immunofluorescence Analysis of y-H2AX Foci
in Mammalian Fibroblasts at Different Phases of the Cell
Cycle

Liudmila Solovjeva, Denis Firsanov, Nadezhda Pleskach,
and Maria Svetlova

Abstract

H2AX phosphorylation at Ser139 (formation of y-H2AX) is an indicator of double-strand breaks in DNA
(DSBs) after the action of different genotoxic stresses, including ionizing radiation, environmental agents,
and chemotherapy drugs. The sites of DSBs can be visualized as focal sites of y-H2AX using antibodies and
immunofluorescence microscopy. The microscopy technique is the most sensitive method of DSB detec-
tion in individual cells. It is useful for experimental research, radiation biodosimetry, and clinical practice.
In this chapter, we provide an immunochemical protocol for y-H2AX labeling and analysis by confocal
microscopy. The advantage of the assay is that it enables the quantitation of y-H2AX foci in individual cells
in different phases of the cell cycle.

Key words Immunofluorescence, Confocal microscope, y-H2AX, Double-strand breaks, Apoptosis,
Mammalian cells

1 Introduction

Phosphorylation of H2AX is an early event in DNA damage
response. After DSB induction, histone H2AX is rapidly phos-
phorylated at Ser139 (forming y-H2AX) at the ends of the breaks,
and serves for accumulation of DSB repair proteins [1]. y-H2AX
can be visualized as distinct foci in the nuclei of irradiated cells. It
has been shown that each y-H2AX focus in the nucleus corre-
sponds to one DSB induced by ionizing radiation [2]. The forma-
tion of y-H2AX is not restricted to DSB signaling only, but is
associated with some other cellular processes that require chroma-
tin remodeling. For example, H2AX is phosphorylated during pre-
implantation development of oocytes. It is required for X
chromosome inactivation in female somatic cell and mitosis [3].
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DSBs are induced by free radical mechanism after the action of
ionizing radiation (IR) or the action of some radiomimetic drugs:
bleomycin, calicheamicin, neocarcinostatin, and others [4].
Replication-mediated DSBs at the sites of stalled replication forks
are induced by topoisomerase I inhibitor camptothecin [5], UV
lesions, alkylated bases [6, 7], nucleoside analogs, and other drugs
used in chemotherapy [8].

The phosphorylated form of H2AX can be detected in cell
nuclei with antibodies specific for y-H2AX and visualized by difterent
techniques: immunoblotting, flow cytometry, and immunofluores-
cence microscopy. Among these methods, immunofluorescence
microscopy is the most sensitive. Quantification of y-H2AX foci in
X-ray-irradiated cells is possible even after exposure to doses less
than 1 mGy [1]. Immunofluorescence microscopy-based y-H2AX
detection is used in different research area including detection of
DSBs after IR, after the action of different cytotoxic chemical agents
and environmental damage, in the study of DSB repair kinetics, and
aging research. This method is applied also in biodosimetry, in the
study of chronic inflammation, and in cancer treatment.

Flow cytometry is the method of choice for the detection and
analysis of y-H2AX. Its main advantage is the high speed of analy-
sis of y-H2AX content in a cell population. Immunofluorescence
microscopy technique is an alternative to flow cytometry. It takes
much more time than flow cytometry, but allows the quantitative
analysis of the number of y-H2AX foci, and determination of their
spatial distribution within individual cell nuclei.

The number of y-H2AX foci can be counted in cells at different
phases of the cell cycle detected using antibodies to the prolifera-
tion marker Ki-67, and by the incorporation of 5-ethynyl-2'-
deoxyuridine (EdU) which labels cells during replication.

Thymidine analog EdU is rapidly incorporated into cellular
DNA during DNA replication. After cell fixation, it can be cova-
lently cross-linked with fluorescent azide by a “click” chemistry
reaction. It identifies S-phase cells in an asynchronous cell popula-
tion. The advantages of EAU incorporation over 5-bromo-2'-
deoxyuridine (BrdU) are described elsewhere [9].

Ki-67 is a proliferation marker that has characteristic staining
patterns at different stages of the cell cycle, as demonstrated in
fibroblasts and embryonic stem cells [10-13]. GO cells are Ki-67
negative. Ki-67 distribution in S-phase and G1 is similar and is
characterized by a low level of nucleoplasm staining and bright
staining of nucleoli. S-phase cells can be discriminated by EAU
incorporation, and G2 cells can be easily recognized by intensive
staining of round-shaped nucleoli (Fig. 1).

Here, we describe the optimized procedure for the detection of
v-H2AX foci in mammalian fibroblasts grown on glass coverslips. In
this procedure, the cells are fixed and stained directly on the cover-
slips. A similar approach uses in-solution labeling of y-H2AX in
mononuclear cells prior to their fixation on microscope slides [14].
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A

B EdU

y-H2AX Ki-67 DAPI

Fig. 1 Visualization of y-H2AX foci in Syrian hamster fibroblasts in different
phases of the cell cycle after the action of the radiomimetic drug bleomycin. After
30 min incubation with bleomycin (final concentration 50 pg/mL) and 10 uM
EdU, cells were fixed, incorporated EdU was crosslinked with Alexa Fluor 647-
azide, and then cells were immunostained with anti-y-H2AX and anti-Ki-67 anti-
bodies as described in the text. The images represent maximal projections of
confocal sections collected using confocal microscope Leica TCS SP5. (a)
v-H2AX foci (red) induced in cells at different phases of the cell cycle (G1, S, G2)
characterized by different Ki-67 staining patterns (green). G1-A—marks the cell
homogenously stained with anti-y-H2AX antibody that is characteristic for early
stage of apoptosis. DNA is counterstained with DAPI (blue ). (b) S-phase cells
shown in “a” can be recognized by Alexa Fluor 647 fluorescence (magenta)

2 Materials

2.1 Isolation
of Fibroblasts
from Animal Tissues

1. Cell culture mediums: DMEM with low glucose content or
MEM (autoclavable) supplemented with 13-15% fetal calf serum
(FCS), 2 mM glutamine, 100 U/mL penicillin, 100 pg/mL
streptomycin (Invitrogen).

2. Dulbecco’s phosphate-buftered saline containing calcium and
magnesium (DPBS + Ca/Mg) for isolation of cells from tissues
(ThermoFisher Scientific).

3. PBS—phosphate-butffered saline without calcium and magne-
sium obtained from any manufacturer or prepared by dissolv-
ing the reagents in ddH,O from powder using the standard
formulation (1x PBS: 137 mM NaCl; 2.7 mM KCI; 10 mM
Na,HPO41.8 mM KH,PO,).

4. CO, incubator.

5. Enzymatic cocktail for tissue digestion: 10 mg/mL collage-
nase IV from Clostridium histoliticum, 2.5 U/mL dispase,
0.0001% Trypsin-EDTA in DPBS + Ca/Mg. Sterilize by filter-
ing through Millipore filter with 0.2 pm pore size.

6. Tweezers and razors (sterilized by dry heating).
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7. Thermo-Shaker.

2.2 Immuno- 1.

fluorescence 2
Microscopy

N O\ Ul W

11.
12.

13.

14.

15.

. Sterile polypropylene 50 mL tubes.
. Centrituge for 50 mL tubes.

10.
11.
12.

Pipettes with 1000 pL, 100 pL, and 10 pL sterile tips.
Sterile 100 mm diameter Petri dishes.

Sterile flasks with surface area 25 cm?.

Glass slides and 1 mm thick glass coverslips.

. Humid chamber for incubation of cells with antibody solution.

It can be prepared from 150 mm diameter Petri dish. Put two
pieces of filter paper soaked in dH,O near the side walls of the
dish.

. PBS (as indicated in Subheading 2.1, item 3).

. PBS containing 0.1% Tween 20.

. Parafilm M Laboratory film (Sigma-Aldrich).

. 37% Formaldehyde solution (Sigma-Aldrich).

. Blocking solutions: 1% and 0.5% Blocking Reagent (BIR)

(Roche). Prepare by diluting 5% stock solution in PBS and
adding 0.02% Tween 20. 1% BIR solution is used for blocking
prior to incubation with antibodies, and 0.5% BIR solution is
used as antibody dilution buffer (see Notes 1 and 2).

. Antibodies: mouse monoclonal anti-phospho-histone H2AX

antibody (Millipore), rabbit polyclonal antibodies to Ki-67
(Abcam), secondary goat anti-mouse Alexa Fluor
568-conjugated antibodies (Invitrogen), goat anti-rabbit Alexa
Fluor 488-conjugated antibodies (Invitrogen).

. 0.5% Triton X-100 in PBS.
10.

Click-iT EdU Imaging Kit (Invitrogen), containing EdU
(5-ethynyl-2’-deoxyuridine), Azide-Alexa Fluor 647, 100 mM
aqueous CuSOy solution, buffer additive, etc.

3% BSA in PBS.
DAPI: 4’,6-diamidino-2-phenylindole (DAPI) 0.5 pg/mL
solution in PBS.

Antifade mounting media with or without DAPI. In the first
case, no preliminary staining with DAPI is needed.

Laser scanning confocal microscope such as Leica TCS SP5
system equipped with HCX PL APO 100x,/1.4 and 40x,/1.25
oil immersion objectives, 488 nm argon, 543 nm HeNe and
405 nm diode lasers and Leica LAS AF software. Any other
confocal microscope model with similar characteristics can be
used.

IPLab (Scananalytics, Inc.) and Adobe Photoshop programs
for analysis of images.
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3 Method

The duration of procedure is around 4 h 45 min.

1.

2.

N O\ Ul W~

O ©o

10.

11.
12.

13.

14.

15.

16.

Isolate primary fibroblasts from newborn animal or embryo
(see Note 3).

Grow primary fibroblasts on 18 x 18 mm or 22 x 22 mm glass
coverslips placed in 35 mm diameter Petri dishes in MEM sup-
plemented with 10% fetal calf serum (FECS), 2 mM r-glutamine,
100 units/mL penicillin, and 100 pg,/mL streptomycin at 37 °C
in a humidified atmosphere with 5% CO,. For DSB induction,
cells can be treated with bleomycin or X-ray irradiated.

. 30 min before cell fixation, add EdU to the culture medium to

the final concentration of 10 pM.

. Rinse coverslips with cells two times in PBS before fixation.

. Fix cells with 4% tormaldehyde in PBS for 15 min at RT.

. Rinse coverslips two times with 3% BSA solution in PBS.

. Permeabilize cells with 0.5% Triton X-100 in PBS for 20 min

at RT with shaking.

. Rinse coverslips two times with 3% BSA solution in PBS.

. Prepare Click-iT cocktail including Azide-Alexa Fluor 647 tri-

ethyl ammonium salt (see Note 4).

Drop 50 pL of cocktail for each coverslip on a piece of Parafilm
on the bottom of a Petri dish. Lay coverslips over 50 pL drops
of reaction mixture. Be sure that you put the coverslip on the
drop of cocktail with its surface covered with cells down. Keep
coverslips for 30 min in the darkness at RT.

Rinse coverslips two times with 3% BSA solution in PBS.

Incubate coverslips with cells 30 min in a Petri dish with 1%
BIR/0.02%Tween 20 at 37 °C.

Centrifuge stock solutions of antibodies at 15,000 x g for
10 min at +4 °C to pellet protein aggregates.

Dilute antibodies in 0.5% BIR/0.02% Tween 20. Dilutions of
primary antibodies: mouse monoclonal anti-phospho-histone
H2AX antibody (1:100), rabbit polyclonal antibodies to Ki-67
(1:200). Dilutions of secondary antibodies: goat anti-mouse
Alexa Fluor 568-conjugated antibodies (1:400), goat anti-rabbit
Alexa Fluor 488-conjugated antibodies (1:400) (see Note 5).

For each coverslip, drop 50 pL of the mixture of primary anti-
bodies on a piece of Parafilm placed on the bottom of a humid
chamber. Incubate cells for 1 h at 37 °C.

After incubation, wash slides by shaking in PBS supplemented

with 0.1% Tween 20 for 30 min. Change wash buffer three
times.
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17.

18.
19.

20.

21.

22.

23.

For each coverslip, drop 50 pL of the mixture of secondary
antibodies on a piece of Parafilm placed on the bottom of a
humid chamber. Incubate for 40 min at 37 °C.

Wash cells as indicated in step 16.

Counterstain the cellular DNA with DAPI: place coverslips in
0.05 pg/mL DAPI staining solution in PBS for 10 min at RT.

Wash coverslips in PBS for 5 min and mount them on micro-
scope slides in antifade mounting media (see Note 6).

Use confocal microscope for the analysis of y-H2AX induction
in different phases of the cell cycle in gamma-irradiated or
drug-treated cells. Compare these data with the data obtained
for untreated cells containing very few spontanecous y-H2AX
foci. Use the confocal microscope equipped with 405 nm
diode, 488 nm argon, 543 nm HeNe, 633 nm HeNe lasers.
Collect Z-stacks of confocal sections in 4 channels (Red,
Green, Blue, and Magenta) and obtain maximum projections
of sections in stacks. Export RGB images (Red—y-H2AX,
Green—Ki-67 and Blue—DAPI) and single-color Magenta
image to TIFF for analysis.

Use the segmentation function in the IPLab program
(Scananalytics, Inc.) for counting the number of y-H2AX foci
per nucleus and for measurement of the area occupied by each
tfocus. First, convert Red channel-images of RGB images to
gray scale in Photoshop and save them in the TIFF format with-
out image compression. Select the cells at a specific phase of the
cell cycle that you are interested in according to Ki-67 staining
in Green channel image and Magenta image representing EAU
incorporation. Open the Red channel image converted to gray
scale in the IPLab program. Select <Segmentation> command
in <Analyze> menu and segment/threshold the foci from back-
ground. Using <Set Measurements> command from <Analyze>
menu, choose the measurements you are interested in (densi-
tometry and shape parameters of foci).

Select each nucleus needed for analysis as a region of inter-
est (ROI) using the appropriate tool in the ROI-tool toolbar.
Choose <Quantify Segments> command from <Analyze>
menu. Press OK and the data table will be generated, where
the number of foci, focus area, and densitometry parameters
inside the ROI are calculated. Export the table to Microsoft
Office Excel.

Sometimes, the colocalization of y-H2AX foci and foci of other
repair proteins of interest may be needed. It can be performed
in non-S-phase or S-phase cells using EdU incorporation for
the identification of S-phase (see Note 7).
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4 Notes

1. 5% stock solution of Blocking Reagent (BIR) is prepared from

a powder: 10 mL Tris-HCI pH 8.0 and approximately 70 mL
ddH,O are added to 5 g of the powder, then the mixture is
heated to 60 °C with gentle shaking. After dissolving, make up
the volume to 100 mL with ddH,O. Stock solution is ali-
quoted and kept at —20 °C before use.

2. Alternatively, 1% BSA or 10% fetal calf serum could be used as

a blocking solution.

. Description of technique for enzymatic isolation of fibroblasts

from embryos or newborn animals:

All manipulations with animals were carried out in strict
accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes
of Health, Washington DC, 1996.

Put a fragment of a newborn animal skin in sterile Petri
dish containing 0.5 mL of culture medium without serum and
separate a piece 1.5 cm x 1.5 cm in size. Using sterile razor and
tweezers, dissect the piece into smaller pieces (1 mm x 1 mm
in size, or less). Transfer the pieces to 50 mL sterile tube. Wash
the pieces twice with PBS, centrifuge at 120 x g at RT. Add 3
volumes of enzymatic cocktail for tissue digestion and incubate
30 min at 37 °C in thermo-shaker. Dissociate cells by gentle
pipetting using sequentially 25 mL, 10 mL, and 5 mL sterile
serological pipettes gradually decreasing the inside tip diame-
ter of pipettes. Dilute cell suspension in DPBS + Ca/Mg to
bring the final volume up to 50 mL. Centrifuge cells at 270 x g
for 5 min at RT. Resuspend cells with PBS and centrifuge as
described above. Plate cells on Petri dishes 100 mm in diame-
ter or in flasks with surface area 25 ¢cm? in culture medium
containing supplements, and place in a CO, incubator. The
cells are at the first passage after you split growing cells in ratio
1:2. When a monolayer is formed, split the cells at a 1:2 ratio.

. For example, for 2 coverslips, prepare 100 pL of the mixture of

the components from the Kit: 86 plL 1x Click-iT reaction buffer
working solution; 4 pL. CuSOy, solution (100 mM); 0.24 pL
Alexa Fluor 647-azide working solution; 10 pLL Reaction bufter
additive prepared fresh by diluting 10x stock solution in deion-
ized water.

. Keep diluted antibodies at +4 °C before use.

6. Mounted samples can be stored for several months at +4 °C in

plastic boxes.

. In such a case, Ki-67 staining is replaced with immunofluores-

cence staining of the protein of interest and individual confocal
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sections of the nuclei are collected. The degree of the overlap
of foci can be estimated with the “Colocalization” plugin of
the free graphical analysis software Image] (National Institutes
of Health, Bethesda, MD). Earlier, we presented a detailed
description of this approach for colocalization analysis of
v-H2AX foci and foci of several DSB repair proteins in irradi-
ated Syrian hamster fibroblasts [13].
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Chapter 18

RAPD-PCR as a Rapid Approach for the Evaluation
of Genotoxin-Induced Damage to Bacterial DNA

Rosanna Tofalo and Aldo Corsetti

Abstract

RAPD PCR s a sensitive and reliable approach useful for the detection of DNA lesions due to environmental
contaminants. In addition, this method is cost-effective, and can be performed in any laboratory having a
DNA thermocycler and gel electrophoresis system. Here, we describe its application to identify genotoxin-
induced DNA damage in foodborne bacteria. DNA alterations are detected through the analysis of elec-
trophoresis profiles with the appearance or disappearance of new bands as compared to the non-mutated
control. The described RAPD PCR procedure takes 6 h for completion. It uses small amounts of DNA and
can reveal even low mutation rates.

Key words RAPD-PCR, Bacterial foodborne model, DNA damage, Mutation, Genotoxin

1 Introduction

Random amplification of polymorphic DNA (RAPD)-PCR tech-
nique involves the amplification of “anonymous” DNA sequences,
using single short primer (8-12 nucleotides). This whole genome
PCR sampling method acts by priming at arbitrary sites to obtain
a specific complex profile. Differences in the obtained profiles are
mainly due to the presence or absence of a priming site or due to
the changed distances between priming sites.

Generally, the amplified regions represent the hypervariable
noncoding sequences that are species-specific. Therefore, in food
microbiology research, RAPD-PCR has been used for microbial
species identification and to determine strain-specific fingerprints
in order to differentiate strains belonging to different yeast/bacte-
ria species [1, 2]. The strain discrimination stringency by RAPD-
PCR depends on the primers used for the analysis. Generally, the
primers are short (about 10 bp with 40-70% GC content) and the
distance between priming regions is maintained below 3—4 kb.

The RAPD-PCR approach has some limitations, such as the
difficulty to distinguish whether a DNA segment is amplified from

Vladimir V. Didenko (ed.), Fast Detection of DNA Damage: Methods and Protocols, Methods in Molecular Biology, vol. 1644,
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a locus that is heterozygous (a single copy) or homozygous (two
copies). In addition, RAPD primers tend to mostly screen GC-rich
regions because of their high GC content [3]. Furthermore due to
the random nature of amplification, both nuclear and organelle
DNA may be amplified during PCR [3].

In addition, the reproducibility of RAPD-PCR is strongly
affected by the purity, quantity, and quality of DNA templates,
variations in cations concentration in the PCR buffer and, specifi-
cally, of MgCl, concentration in the reaction mix. In general,
higher concentrations of MgCl, reduce specificity of the polymer-
ization reaction by decreasing the enzyme fidelity. However, the
reproducibility of RAPD-PCR can be significantly increased by the
use of the standard protocols for DNA purification, PCR amplifica-
tion, and agarose gel electrophoresis.

RAPD-PCR also presents interesting advantages. For example,
it does not require any previous knowledge of genome sequence.
It also uses very low amounts of DNA and does not need any spe-
cialized and expensive equipment. Furthermore, the approach is
very sensitive, permitting the detection of a wide variety of DNA
damage types (e.g., DNA adducts, DNA breaks) as well as muta-
tions (point mutations and large chromosomal rearrangements).

This technique is widely applied in different research areas
(medicine, forensic science, genetically modified organisms, etc.).
For instance, the RAPD method has been used in studies examin-
ing genetic diversity, pedigrees, the identification of cultivars, pest
resistance genes, sex markers and in the construction of genetic
maps [4]. In addition, the RAPD assay has also been applied to
detect genetic instability in tumors and DNA alterations induced
by toxic compounds in animals, bacteria, and plants [3, 4].

In the field of ecotoxicology the RAPD-identified changes
include alterations in band intensity as well as gain/loss of RAPD
bands (Fig. 1). These bands are lost or gained when point muta-
tions, inversions, deletions, additions, or gross chromosomal rear-
rangements affect primer annealing. In its ecotoxicology application
the RAPD-PCR technique has been proposed as a biomarker assay
to detect the environmentally caused DNA damage and mutations
in both prokaryotes and eukaryotes [5-8]. DNA samples affected
by genotoxic compounds are characterized by the appearance or
disappearance of bands in comparison to the control DNA samples
[4, 5]. These alterations are mainly due to the formation of DNA
adducts, the appearance of mutations, or DNA strand breaks [4,
5]. Sometimes the bands’ intensity can change because of large
rearrangements occurring when chemicals interact with genomic
DNA inducing copy number differences [3]. To evaluate the dif-
terences between the affected and nonaftected samples, a variety of
statistical methods are used. These employ the specific similarity
coefficients, such as the Pearson correlation coefficient [9].
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Fig. 1 M13 RAPD-PCR fingerprinting for L. plantarum ATCC 14917" and E. faecium
DSMZ 204777 obtained for DNA samples untreated and treated with three different
genotoxic compounds [benzo[a]pyrenediol epoxide (BPDE), methyl methanesul-
fonate (MMS) and 1,2,3,4-diepoxybutane (DEB)] used at different concentration.
M: 1 kb DNA Plus ladder

Recently, Lanzone et al. [4] proposed the RAPD-based finger-
printing approach that uses the M13 primer to evaluate DNA dam-
age and mutations induced by three genotoxic compounds forming
covalent adducts with DNA [benzo[a]pyrenediol epoxide (BPDE),
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methyl methanesulfonate (MMS), and 1,2,3,4-diepoxybutane
(DEB)] in foodborne bacteria (Lactobacillus plantarum ATCC
14917%, Enterococcus faecium DSMZ 204777).

Here, we describe the eco-genotoxicology application of this

M13-based RAPD fingerprinting approach. The technique uses L.
plantarum and E. faecium as references for hazard identification in
the environmental risk assessment. This method requires a small
amount of DNA for the analysis and permits detecting the low
mutation rates in approximately 6 h.

2 Materials

. Foodborne bacteria: E. faecium DSMZ (Deutsche Sammlung

von Mikroorganismen und Zellkulturen) 204777 L. planta-
rum ATCC (American Type Culture Collection) 149177
(see Note 1).

2. MRS broth.

O 0 NN O L

13.
14.
15.
16.
17.
18.
19.

20.

. The Oxoid Anaerobic System (gas-generating pack with a jar) to

cultivate anaerobic and microaerophilic organisms (sec Note 1).

. InstaGene™ Matrix (Biorad) for the preparation of PCR-quality

DNA.

. Centrifuge.

. Spectrophotometer to determine DNA concentration.

. 10x PCR bufter: 200 mM Tris-HCI, 500 mM KCl, pH 8.4.
. 50 mM MgCl,.

. Ultra-pure sterile water (8 MQ cm at 25 °C).

10.
. Tag DNA Polymerase (5 U/pL) (see Note 2).
12.

2.5 mM dNTPs stock solution.

Lyophilized primer M13 (5-GAGGGTGGCGGTTCT-'3)
diluted at a final concentration of 10 pM with ultra-pure sterile
water and stored at —20 °C.

DNA sample (10 ng/pL).

200 pL PCR tubes.

Thermocycler.

Agarose of electrophoretic grade.
DNA gel electrophoretic apparatus.
Power supply (220 V and 150 mA).

Gel electrophoresis 1x TAE buffer: 40 mM Tris-acetate, 1 mM
EDTA, pH 8.0 (see Note 3).

Ethidium bromide: 0.5 pg/mL in 1x TAE buffer to visualize
DNA.



21.

22.
23.
24.
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6x gel electrophoresis loading buffer: 30% glycerol, 0.25%
bromophenol blue, distilled water to 10 mL.

DNA molecular weight marker (100 bp—12 kb).
UV transilluminator/gel documentation system.

Fingerprinting I Informatix software (Biorad).

3 Methods

3.1 DNA Extraction

3.2 RAPD-PCR
Amplification

o NN O\ Ut b~ W

. Take 1 mL of bacterial culture, centrifuge at 16,000 x g for 5

min, and wash the pellet with ultra-pure water twice. The cells
are now ready for DNA extraction.

. To extract bacterial DNA, resuspend the pellet in 200 pL of

InstaGene matrix and incubate at 56 °C for 15-30 min.

. Vortex at high speed for 10 s.

. Incubate the samples at 100 °C for 8 min.

. Vortex at high speed for 10 s.

. Centrifuge at 16,000 x g for 1 min.

. Recover the supernatant and store at —20 °C.

. Measure DNA absorbance in samples by using spectropho-

tometer and confirm the purity of DNA by calculating the
260-280 nm ratio. A ratio of ~1.8 is generally accepted as
“pure” for DNA.

. Determine DNA concentration by running the samples on

0.8% agarose gel in 1x TAE buffer and comparing bands inten-
sity to a DNA marker. Alternatively, DNA concentration can
be established by a spectrophotometer.

DNA concentration is estimated by measuring the absor-
bance at 260 nm, considering that an A4 4, 0f 1.0 = 50 pg/mL
pure ds DNA:

Concentration (pg/mL) = Ay reading x dilution factor
x 50 pg/mL.

Total yield is obtained by multiplying the DNA concentra-
tion by the final total purified sample volume:

DNA yield (pg) = DNA concentration x total sample volume (mL).

1.

Perform RAPD-PCR analysis using M13 primer. Prepare PCR

reaction mixture on ice, containing:

2.5 pL—10x PCR bufter (Tris—HCI 20 mM, KCI 50 mM,
pH 8.4).

pL—MgCl, (50 mM)—3 mM final concentration.
2.0 pL—dNTDPs (2.5 mM dNTPs stock solution).
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3.3 Agarose Gel
Electrophoresis

—

2.5 pL—M13 primer (1 pM final concentration).
0.4 pL—Taq (2 U/pL final concentration).

15.1 pL—Ultra-pure sterile water.

pL—DNA template (10 ng/pL).

25 pL—Total.

Include a negative control.

. Perform amplification with an initial denaturation step at 94 °C

for 4 min followed by 35 cycles consisting of 30 s at 94 °C,
20 s at 45 °C, 2 min at 72 °C, and a final extension of 7 min at
72 °C.

Determine the repeatability of RAPD-PCR fingerprints by
triplicate loading of independent replicate reaction mixtures
prepared with the same strain [10].

. Prepare 1.5% (w/v) agarose gel in 1x TAE-buffer (sec Note 4).
. Mix PCR products with 1.5 pL of the loading buffer and load

a molecular weight ladder into the first and last lanes of the
gel and the other samples into the additional wells of the gel
(see Note 5).

. Run the gel in 1x TAE-butffer for 30 min at 80 V and then for

2 hat 100 V. At the end of the run switch oft the power supply
and transfer the gel to the ethidium bromide staining solution
(see Note 6).

. Let the gel stain for 30 min in the dark, then wash with dis-

tilled water for 15 min. Place the gel under an UV transillumi-
nator, and take a photograph.

. Calculate similarities among profiles using the Pearson coeffi-

cient [4, 9]. Perform clustering analysis by means of the
UPGMA (Unweighted Pair Group Method with Arithmetic
Mean) method using Fingerprinting II Informatix software.

4 Notes

. Store bacteria (E. faecium and L. plantarum) at —80 °C in the

MRS broth containing 20% (v/v) glycerol. Before experimen-
tal use, propagate bacteria in MRS broth at 30 °C in
microaerophilic conditions by using an Oxoid Anaerobic Gas
Generating Kit.

. Repeated freezing and thawing may cause degradation of PCR

reagents (Taqg DNA polymerase enzyme, diluted primers, and
dNTPs solution). Prepare several aliquots and store at —20 °C.

. Prepare 50x TAE buffer: 242 g of Tris base, 57.1 mL of glacial

acetic acid, and 100 mL of 0.5 M EDTA, pH 8.0. Mix all



Detection of DNA Damage by RAPD-PCR 201

ingredients and make it to 1 L with deionized water. Place
20 mL of 50x TAE in 980 mL distilled water to obtain 1x
TAE working solution.

. Try to avoid bubbles, which could alter gel structure and let

the agarose solidify (takes about 30 min at room temperature).
Any bubbles can be pushed away from the well comb or toward
the sides/edges of the gel with a pipette tip.

. Itis important to use the same DNA molecular weight marker

for all experiments as it permits reliable comparisons of the
profiles obtained in different experiments. This also simplifies
the preparation of the databases containing all experimental
data.

. Ethidium bromide is a potential carcinogen. Wear gloves,

safety glasses, and lab coat when you work with it.
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Chapter 19

Rapid Detection of y-H2Av Foci in Ex Vivo MMS-Treated
Drosophila Imaginal Discs

Varandt Y. Khodaverdian and Mitch McVey

Abstract

In Drosophila melanogaster, DNA double-strand breaks (DSBs) created by exposure to gamma or X-ray
radiation can be quantified by immunofluorescent detection of phosphorylated histone H2Av (y-H2Av)
foci in imaginal disc tissues. This technique has been less useful for studying DSBs in imaginal discs
exposed to DSB-inducing chemicals, since standard protocols require raising larvae in food treated with
liquid chemical suspensions. These protocols typically take 3—4 days to complete and result in heteroge-
neous responses that do not provide information about the kinetics of DSB formation and repair. Here,
we describe a novel and rapid method to quantify DSBs in imaginal discs cultured ex vivo with methyl
methanesulfonate (MMS) or other DSB-inducing chemicals. The described method requires less than 24
h and provides precise control over MMS concentration and exposure time, enabling reproducible detec-
tion of transient DSBs. Furthermore, this technique can be used for nearly any chemical treatment and can
be modified and adapted for several different experimental setups and downstream molecular analyses.

Key words Drosophila, Imaginal disc, Mutagen, Cell cycle, DNA damage response, Sensitivity assay,
Apoptosis

1 Introduction

DNA damage tolerance is the process by which replication forks
bypass DNA lesions during S-phase through the use of special-
ized translesion synthesis (TLS) polymerases and or homologous
recombination [1]. Mutants defective in DNA damage tolerance
are susceptible to prolonged replication fork stalls and fork col-
lapse following exposure to DNA-damaging agents, resulting in
DNA double-strand breaks (DSBs) and genome instability [2].
To study damage tolerance, organisms can be treated with a
number of mutagens, one of which is the DNA alkylating agent,
methyl methanesulfonate (MMS). While MMS does not directly
cause DNA DSBs, the resulting 7-methylguanine and 3-methyl-
adenine DNA lesions can stall and collapse replication forks in the
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absence of functional damage tolerance responses, generating
DSBs and eventually leading to cell death [3-6].

In Drosophila melanggaster, various genotoxic chemicals have
been used to identify proteins that function in the cellular responses
to DNA damage [7, 8]. Many of the pathways and proteins that
act in these responses are conserved between Drosophila and
humans, making Drosophila an attractive model organism to study
metazoan damage tolerance and repair in the context of a whole
organism. Well-established mutagen sensitivity assays that involve
treatment of larvae with alkylating or crosslinking agents have been
used to elucidate responses to various DNA-damaging agents [9].
However, these sensitivity assays utilize adult viability as a quanti-
fiable endpoint and take an average of 20 days. Furthermore, they
cannot elucidate the intermediate molecular effects of DNA
damage.

To characterize the molecular responses to DNA damage in
Drosophila, as well as to determine the underlying causes of lethal-
ity, investigators frequently utilize third instar larval imaginal discs.
Imaginal discs are tissues consisting of diploid precursor cells
fated to develop into adult appendages during metamorphosis; the
growth and patterning of which are highly regulated [10].
Patterned early in embryogenesis, imaginal discs of third instar
larvae are relatively large, easily accessible by dissection, and thin,
making them highly suitable for fixing and immunostaining.
Immunofluorescent studies of imaginal discs provide spatial reso-
lution of protein modification and localization within cells and the
tissue as a whole [11].

Apoptosis, checkpoint activation, cell cycle progression, pro-
tein foci, and DNA DSBs have all been studied in imaginal discs of
larvae exposed to y-ray irradiation (IR) [12-14]. These studies are
possible because IR can penetrate the larval cuticle, providing
accurate control of exposure and dosage. Unfortunately, imaginal
disc studies have not been readily adapted for other treatments.
This is largely because most techniques used to treat larvae with
DNA-damaging agents require larval consumption of mutagen-
dosed food over several hours to days. While this method of drug
treatment is suitable for sensitivity assays, it does not provide the
fine temporal control necessary to observe transient cellular
responses to DNA damage prior to repair or apoptosis.

Here, we describe a method to rapidly culture and chemically
treat third instar imaginal discs ex vivo for downstream immuno-
fluorescent detection of DSBs. Compared to currently published
protocols, which involve treating early-stage larvae and then quan-
tifying DSBs in dissected imaginal discs 3—4 days later, our method
takes less than 24 h. Partially dissected third instar larvae imaginal
discs are cultured for 5 h in a simple culture media [15], with and
without MMS or other DSB-inducing chemicals. They are then
fixed, probed for y-H2Av (phosphorylated histone H2Av, which is
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analogous to y-H2AX in vertebrates and serves as a marker of DSBs)
[16], and imaged using fluorescence. During the 5 h incubation
period, approximately 90% of all wing imaginal disc cells should
have entered S-phase [17], allowing for DSB formation in most
genetic backgrounds. This technique allows for accurate temporal
exposure to precise concentrations of any chemical, enabling detec-
tion of transient cell signals, protein modifications, and foci forma-
tion in imaginal discs. Possible applications of the technique
include the study of checkpoint activation (Chkl phosphoryla-
tion), cell division (histone H3 phosphorylation), apoptosis
(cleaved Caspase-3), and DNA repair (RAD51 focus formation).

2 Materials

2.1 Larvae Imaginal
Disc Dissection and Ex
Vivo MMS Treatment

2.2 Wing Imaginal
Disc Fixing
and Antibody Staining

Reagents and materials listed below provide us with the results
described here. Use of alternative reagents and materials may still
work; however, modifications to the method may be necessary.

. Dissection forceps, tip size D (#5 of biology) x 2.
. Glass dissection dish or Sylgard® dish.

. Dissecting microscope.

. Petri dish.

. 1.5 mL tube.

. 96-well plate (flat-bottom).

. 0.7% NaCl.

. Culture media: 0.7% NaCl, 20% fetal bovine serum (FBS),
0.1% dimethyl sulfoxide (DMSO) [15].

9. Methane methylsulfonate (MMS), diluted to appropriate con-
centration in water and mixed well.

o NN O Ul kW N

10. 37% formaldehyde.

11. Phosphate-buffered saline (PBS, 1x): 137 mM NaCl, 2.7 mM
KCI, 10 mM Na,HPOy, 1.8 mM KH,POy, pH 7 4.

12. PBS containing 0.1% Tween 20 (PBST).
13. PBS containing 0.3% Triton X-100 (PBSTx).
14. Blocking solution: 5% bovine serum albumin in PBSTx.

15. Primary antibody solution: 1:500 anti-yH2Av antibody
(Rockland Inc.) in blocking solution.

16. Secondary antibody solution: 1:1000 goat anti-Rabbit IgG
Rhodamine Red conjugated (Invitrogen), 500 pg/mL DAPI
in blocking solution.

17. VECTASHEILD® Mounting Media (Vector Laboratories)
(see Note 1).
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18.
19.

Fluorescent microscope with Z-stack function.

Fiji image processing program with extended depth of field
plugin [18, 19].

3 Methods

3.1 Third Instar
Larvae Imaginal Disc
Dissection and Ex Vivo
MMS Treatment

Culture, incubation, and wash times as well as reagent concentra-
tions presented here have been extensively tested in our laboratory,
and provide reproducible results if followed closely. Alternative
incubation times and reagent concentrations can be adjusted to fit
specific experimental demands, but have not been tested by our
laboratory. For best results, use antibodies of high quality and

purity.

1.

2.

Collect third instar wandering larvae and place them in a small
petri dish with 0.7% NaCl (see Note 2).

Transfer larvaec one at a time to a glass-dissecting dish (or
Sylgard® dish) containing 0.7% NaCl for dissection. In this
protocol, “forceps 1” will designate the forceps held in the
dominant hand, and forceps 2 will designate the forceps held
in the nondominant hand.

(a) Grasp the larvae two thirds (2/3) of the way from the
head with forceps 1, and with forceps 2 grab the last one
third (1/3) of the body (posterior) firmly, and rip it off.
Place the posterior portion in a separate part of the dis-
secting dish to decrease debris.

(b) Take the 2/3 anterior portion left behind and slip the
cuticle, inside out, over the larva’s head. The easiest way
to do this is to place forceps 1 (closed) at the head of the
larva and use forceps 2 to roll the cuticle over the head
onto forceps 1. Then use forceps 2 to slide the inside-out
cuticle off of forceps 1.

(c) Holding the posterior portion of the cuticle with forceps
2, carefully remove the gut and fat tissue with forceps 1.

(d) Look for the wing imaginal discs (WID) (the large, flat
tissues that look like the continent of Africa). If you can
see at least one, tease the gut and excess tissue from the
cuticle. You will be left with the head with the discs
attached to a piece of cuticle (Fig. 1) (see Notes 3 and 4).

. Transfer cuticles to a 96-well plate with 97.5 pL of culture

media. Place up to 8 cuticles per well (see Note 5).

. In a chemical hood add 2.5 pL of freshly prepared 0.1% MMS

to the cuticles in the culture media with a final concentration
ot 0.0025% MMS (see Note 6).
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Fig. 1 Dissected cuticle of a third instar larva cleaned of all tissues except for the wing imaginal discs along
with the adjacent leg and haltere discs. The wing imaginal discs are outlined with a dotted line. (a) A side view
of the dissected cuticle presenting the right wing imaginal disc. (b) A top down view of the dissected cuticle
with both wing imaginal discs visible

5. Incubate the cuticles for 5 h at 25 °C (the ideal temperature
for Drosophila culture) with gentle shaking (35 rpm) pro-
tected from light (see Notes 7 and 8).

3.2 Imaginal Disc 6. Remove and dispose of the culture media containing MMS (see

Fixing and Antibody Note 9).

Staining 7. Rinse the cuticles by adding and subsequently removing 200 pL
of cold PBST to the wells.

8. Add 200 pL of cold PBST to the wells and transfer the cuticles
from the 96-well plate to 1.7 mL tubes. At this point you may
pool together multiple wells of cuticles of the same treatment
and discernable genotypes (see Note 10).

9. Remove the PBST transterred with the cuticles, and add 480
pL of cold PBST to the cuticles (see Note 11).

10. Fix the tissues by adding 20 pL of 37% formaldehyde to the
PBST (final concentration is 1.48%) in the fume hood. Incubate
for 30 min at room temperature while rocking on a nutating
platform (see Note 12).

11. Centrifuge the samples for 10 s at 3000 x g4 to collect the cuti-
cles and solution at the bottom of the tube. Remove formalde-
hyde mixture and dispose of it appropriately.

12. Wash four times for 5 min with 500 pLL. PBSTx at room tem-
perature with rocking.

13. Block 30 min in 500 pL blocking solution at room tempera-
ture with rocking.

14. Centrifuge for 10 s at 3000 x g and remove blocking solution.
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15.

16.

17.

18.

19.
20.
21.

22.

23.

Add 500 pL of anti-yH2Av primary antibody solution and
incubate overnight at 4 °C with rocking (se¢ Note 13).

Centrifuge for 10 s at 3000 x g and remove primary antibody
solution.

Wash four times for 5 min with 500 pL. PBST at RT with rock-
ing. On the final wash centrifuge for 10 s at 3000 x g4 and
remove the PBST.

Add 500 pL of the secondary antibody solution and incubate
for 2 h at RT, with rocking, protected from light.

Wash four times for 5 min with 500 pLL PBST.
Transfer cuticles from the PBST onto a Sylgard® dish.

In a separate part of the Sylgard® dish, take an individual cuti-
cle from the PBST droplet and place into a droplet of
PBS. Using forceps, tease apart the WIDs from the rest of the
cuticle and place the WID into a 30 pL. VECTASHEILD®
droplet on a microscope slide. Repeat for the rest of the cuticles
(see Note 14).

Gently place a coverslip on the top of the VECTASHEILD®
allowing for the VECTASHEILD® to spread completely under
the coverslip. Seal the edges with clear nail polish and allow
10-15 min for the nail polish to dry protected from light (see
Note 15).

Analyze samples for y-H2Av foci at 10-20x magnification
using a Z-stacking microscope and with filter sets compatible
with DAPI and Rhodamine. y-H2Av foci will appear bright
red and fill the entire nucleus (Fig. 2) (see Note 16).

4 Notes

. If another mounting media is used, ensure that it is compatible

with DAPI and the fluorophore conjugated to the secondary
antibody.

. A slightly wet wooden probe works well to remove the larvae

from the sides of bottles and vials. These larvae can be obtained
from any source, such as bottles, vials, and grape plates.
Heterozygotes and homozygotes can be distinguished by
using a fluorescently marked balancer chromosome, such as
one marked with a green fluorescent protein.

. It is important to remove as much excess tissue as possible to

ensure that the wing discs are not obstructed to allow uniform
exposure of the tissues to the treatment. Removing the man-
dible and brain helps to decrease obstruction. Also removing
the anterior spiracles (hand-like structures near the head)
helps to expose the wing discs and prevents the cuticle from
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DAPI YH2Av Merge

Heterozygote

Homozygote

Fig. 2 Representative immunofluorescent results of wing imaginal discs from a MMS-sensitive mutant back-
ground. Heterozygotes (a, b, ¢) and homozygotes (a’, b’, ¢’) were treated, fixed, and stained as described in
this protocol. The discs were visualized at 20x magnification. Z-stack images were deconvolved using the Zen
2 (Zeiss) program, then a composite image was generated through extended depth of field analysis. (a, a’)
Nuclei are visible through DAPI staining. (b) A disperse fluorescent background is observed in heterozygous
mutant discs, with a small number of y-H2Av foci present. (b’) Distinct y-H2Av foci are prevalent above back-
ground in homozygous MMS-sensitive mutants. (¢, ¢’) A merge of both channels shows the clear presence of
foci in the homozygous mutant compared to the heterozygote

scrunching up. Because the fine dissection results in less tissue
to protect the WIDs, some discs may be lost during the pro-
cedure. Therefore, it is prudent to dissect a few more larvae
than desired to ensure enough WID make it through the
protocol.

4. WID are used in this protocol because they are the largest.
Other imaginal discs can be used as well, however, culture time
may need to be adjusted to correlate with the length of S-phase
in these tissues [17].

5. Too many larvae per well will increase the probability that the
cuticles may contact each other and obstruct WID exposure to
culture media and treatment. 96-well plates are used to
decrease the volume of MMS necessary. Larger incubation
dishes and volumes may be utilized.

6. The concentration of MMS in the culture media is approxi-
mately 5-10 fold lower than what is necessary to observe
lethality in a classic mutagen sensitivity assay. If larger vol-
umes of chemicals are required, they should first be diluted in
culture media to not drastically affect the concentrations of
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10.

11.

12.

13.

14.

15.

16.

the components within the culture media. If the chemical is
dissolved in DMSO, adjust the culture media to have a final
DMSO concentration of 0.1%.

. As a safety precaution place the 96-well plate in a secondary

container on top of bench paper on the orbital shaker.
Incubation times can be adjusted for individual treatments as
necessary.

. Within 5 h 90% of WID cells should have entered S-phase

[17]. Decreased incubation times will result in fewer of the
WID cells entering and completing S-phase. Increased incuba-
tion times may result in increased apoptosis or a decrease in
mitotically active cells.

. To prevent the cuticle from being sucked up during pipetting,

place the 96-well plate at angle allowing for the cuticles to
gently settle toward one edge of the well. Using a p200 pipette
begin pipetting the solution by placing the tip opposite to the
cuticle. As the volume of solution within the wells decreases,
gently move the tip along the edge of the well until you push
the cuticles out of the way at the “bottom” of the well.

The easiest way to transfer the cuticles is to use a p1000 pipette
and a pipette tip which has had the tip cut using a razor blade,
creating a larger hole.

The best way to remove solutions without losing or harming
the cuticles is to pipette using a p1000 pipette. Remove some
of the solution, leaving about 100-200 pL within the tube.
Gently pipette mix the remaining solution to lift the cuticles
from the bottom, then place the pipette tip at the very bottom
of the 1.7 mL tube and pipette the remainder of the solution.

Increasing the final formaldehyde concentration to 4% may
allow for a decrease in fixing time.

The overnight incubation time of the primary antibody allows
for complete diffusion of the antibody within the discs. To sig-
nificantly shorten the protocol, an incubation for 90 min at
room temperature may be used [11] or the antibody concen-
tration can be increased.

Heterozygotes and homozygotes can be dissected and imaged
on the same slide so long as there is a discernable fluorescent
marker such as a balancer with GFP. Otherwise, genotypes
should be treated, dissected, and imaged separately.

Slides can be kept at 4 °C for a few months, but the fluorescent
signal may decrease over time. It is recommended to analyze
the samples shortly after mounting.

To obtain the best images, discs should be imaged multiple
times along the Z-axis (Z-stack), processed by deconvolution,
and compressed into one image by extended depth of field
algorithms.
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