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Preface

The development of cellular sciences has now entered the stage which requires the
evaluation of DNA damage at both the single-cell and the whole organism levels. New
approaches are developed to satisty this need, and the older established techniques were
adapted to the task. Advances in organic chemistry, fluorescent microscopy, and materials
science have created a whole new range of techniques and probe for imaging DNA damage
in molecular and cell biology.

The volume presents all major assays used in molecular and cell biology for the label-
ing of DNA damage in situ, ex vivo, and in vivo. It brings together recently introduced
techniques, as well as those established earlier, which detect and quantify DNA damage at
the scales ranging from subcellular to the level of a whole, living organism.

Historically, many techniques which detect DNA damage were originally introduced
to solve a utilitarian task of labeling apoptotic cells. These include methods designed to
detect specific single- and double-stranded DNA breaks in tissue sections using terminal
transferase (TUNEL assay), T4 DNA ligase (ISL assay), T7 DNA polymerase, and many
others. These techniques’ association with specific cellular process provides an additional
bonus of their utilization. Therefore, their application for apoptosis detection is described
in the volume. In such cases, detailed analysis from the DNA damage detection’s point of
view is also provided.

The book does not contain a description of MRI-based or other similar approaches,
which use high-end medical diagnostic instrumentation. These belong to a different field
due to their specialized nature.

Proper decision-making on what technique to chose requires clear understanding of
the terms “in vivo, “ex vivo,” and “in situ” in their application to the detection methods.

In vivo means “within the living” or “inside the living body.” In application to detec-
tion techniques, it refers to measurements done in cells and tissues which remain in a
whole, living organism.

Ex vivo translates as “out of the living” or “outside the body.” In application of detec-
tion techniques, it refers to measurements done in cells or other materials taken from a
living organism and performed outside the body. Ex vivo measurements are made under
conditions impossible in the living organism. The term is used in many different contexts
with different emphases. In a more narrow definition, not used here, ex vivo indicates a
procedure in which cells are taken from a living organism for a treatment, and then put
back into the body. Another related term — 2 vitro (i.e., “within a glass,” “in a test tube”),
is opposite iz vivo, and indicates a work done in permanent cell cultures, when cells are
grown and always remain in the artificial environment.

In sitw means “on site” or “in place.” The term is not in opposition to either iz vivo
or ex vivo. It just denotes the processes detected in their place of origin. In molecular and
cell biology, this usually refers to undisrupted mounted cells or tissue sections. In that
meaning, “in situ” is used as part of the terms “in situ PCR,” “in situ transcription,”
“in situ hybridization,” “in situ end labeling,” and “in situ ligation.” Sometimes, the “in
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viii Preface

sitw” term is applied at the subcellular level to cells disrupted in the process of analysis, for
example, the detection of specific sequences in chromosomes in fluorescent # situ hybridiza-
tion (FISH). Historically, the term was used primarily in methods dealing with nucleic acids.
In situ methods are advantageous in the analysis of heterogeneous cellular populations. Their
attractive features include single-cell detection level, potential to colocalize DNA damage
and cellular proteins, the ability to use cellular morphology to verify cellular phenomena, and
small sample size. The opposite of in situ assays are biochemical techniques, which detect
their targets in bulk samples without reference to specific individual cells.

The book is divided into three parts. The first part deals with fixed tissue sections. It
contains a complete set of enzymatic approaches to study DNA breaks and apoptosis. The
second part describes the detection of DNA damage and apoptosis in cultured cells. It
includes instrumental approaches, such as those which use flow- and image cytometry or
electrophoresis of agarose-trapped cells. All of the techniques presented in these two parts
are the i situ approaches. The third part describes methods developed either for iz vivo
detection, directly in a living organism, or for samples taken from the body, ex vivo — in
blood, urine, and sperm. These are, somewhat, closer to diagnostic procedures. The pre-
sented assays often permit monitoring levels of DNA damage and can provide conclusions
at the scale of the whole organism. They are either % situ assessments or biochemical bulk
measurements.

The volume is self-sufficient and easy to understand the source of information needed
to reproduce its protocols and interpret their results. Each chapter presents a single pro-
tocol or a group of techniques which are related either by their mechanisms or by the
molecular targets they detect. This serves to better understand the concepts underlying
the methods and the types of DNA damage they label. Such structure also makes it easier
to select an approach which better suits the specific needs of a particular study.

The book is equally useful for newcomers to the field and for experienced researchers.
A novice molecular biology scientist will use the volume as a guide for selecting and mas-
tering the technique most suitable for his specific needs. To help with this task, the chap-
ters provide detailed, simple-to-follow protocols and describe possible technical pitfalls
and limitations.

The rapid growth of specialization makes it increasingly difficult even for the most
experienced scientists to follow the never-ending stream of technical innovations which
could be beneficial for their research. For the more experienced, the volume serves as a
source of novel, recently developed methods and a resource of the new technical possibili-
ties provided by familiar approaches.

It can also help scientists from other more distant fields, such as clinical scientists and
nanobiotechnology specialists, who would like to familiarize themselves with research
possibilities on DNA damage detection and explore the benefits of this unique technical
arsenal.

Researchers in many fields, including molecular and cell biology, experimental and
clinical pathology, toxicology, radiobiology, oncology, embryology, experimental pharma-
cology, drug design, and environmental science, benefit from the book.

I thank Candace Minchew for her highly efficient technical assistance. I am also grate-
ful to Professor John Walker for his help in the review process.

Houston, TX Viadimir V. Didenko
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Chapter 1

In Situ Detection of Apoptosis by the TUNEL Assay:
An Overview of Techniques

Deryk T. Loo

Abstract

Apoptosis, or programmed cell death, plays an important role in normal development and homeostasis
of adult tissues. Apoptosis has also been linked to many disease states, including cancer. One of the bio-
chemical hallmarks of apoptosis is the generation of free 3'-hydroxyl termini on DNA via cleavage of
chromatin into single and multiple oligonuleosome-length fragments. The TdT-mediated dUTP-biotin
nick end labeling (TUNEL) assay exploits this biochemical hallmark by labeling the exposed termini of
DNA, thereby enabling visualization of nuclei containing fragmented DNA. This review outlines the
general method for iz situ TUNEL staining of cultured cells and tissue sections, and highlights recent
improvements in the technique and limitations of the assay.

Key words: Apoptosis, Necrosis, TUNEL, DNA fragmentation

1. Introduction

Apoptosis, or programmed cell death, is a naturally occurring
process that plays a critical role in the development and tissue
homeostasis of adult tissues (1, 2). Apoptosis also plays a role in
many disease states, including cancer, and components in apop-
totic pathways are being pursued as targets for therapy (3-6).
Therefore, the ability to identify and quantity apoptosis is critical
for advancing these areas of investigation. One of the hallmarks of
apoptosis is internucleosomal cleavage of genomic DNA into
small fragments — typified by the laddering seen when the DNA is
fractionated on agarose gels (7-9). In the late 1992 and early
1993, two laboratories described the development of the TdT-
mediated dUTP-biotin nick end labeling (TUNEL) assay, which
exploits this biochemical hallmark and enables visualization of

Vladimir V. Didenko (ed.), DNA Damage Detection In Situ, Ex Vivo, and In Vivo: Methods and Protocols,
Methods in Molecular Biology, vol. 682, DOI 10.1007/978-1-60327-409-8_1, © Springer Science+Business Media, LLC 2011
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nuclei containing fragmented DNA (10, 11). TUNEL staining
utilizes the ability of the enzyme terminal deoxynucleotidyl trans-
ferase (TdT) to incorporate labeled dUTP onto the free
3’-hydroxyl termini of fragmented genomic DNA. Although
TUNEL staining has been adopted as the method of choice for
detecting apoptosis iz sitw, it is important to recognize that
TUNEL staining is not limited to the detection of apoptotic cells
(12, 13). Because TUNEL staining is nonspecific in the sense
that the assay will label all free 3’-hydroxyl termini, irrespective of
the molecular mechanisms that led to the development of these
termini, TUNEL staining will also detect non-apoptotic cells —
including necrotic degenerating cells (14, 15), cells undergoing
DNA repair (16), cells damaged by mechanical forces (17, 18),
and even cells undergoing active gene transcription (19).
Therefore, TUNEL staining should be considered generally as a
method for the detection of DNA damage (DNA fragmentation
or others), and when used in conjunction with secondary apoptosis-
specific assays, more specifically as a method for identifying apop-
totic cells.

The goal of this chapter is to provide the reader with a
general overview of the technique and step-by-step protocols for
in situ TUNEL staining of fragmented nuclear DNA in both cul-
tured cells and tissue sections. As noted above, the TUNEL assay
was developed more than 15 years ago, and although there have
been improvements reported for specific systems, the general
assay method has changed very little. Thus, the protocols out-
lined in this chapter will have much in common with other pub-
lished TUNEL methods. Two areas where there have been
significant developments over the past several years are (1) the
development of improved chemical labels for detection and (2)
the accumulation of a richer pool of data examining the potential
artifactual TUNEL staining of non-apoptotic cells under certain
circumstances. Discussion of these two areas of TUNEL assay
development is expanded upon in the Notes section at the end of
this review.

2. Materials

2.1. Gultured GCells

—

. Phosphate-buffered saline (PBS), pH 7.4.

2. 2% Buftered formaldehyde: dilute high-quality formaldehyde
(v/v) in PBS prior to use.

3. 70% Ethanol.

4. TdT equilibrium buffer: 2.5 mM Tris—-HCI (pH 6.6), 0.2 M

potassium cacodylate, 2.5 mM CoCl,, 0.25 mg/mL bovine

serum albumin (BSA). Aliquots may be stored at -20°C for
several months.
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2.2. Tissue Sections

p—

. TdT reaction buffer: TdT equilibrium buffer containing

0.5 U/uL of TdT enzyme and 40 pmol/uL of biotinylated-
dUTP (Roche Diagnostics Corp., Indianapolis, IN). Prepare
fresh from stock solutions prior to use.

. TdT staining buffer: 4x saline—sodium citrate (0.6 M NaCl,

60 mM sodium citrate), 2.5 pg/mL fluorescein isothiocya-
nate-conjugated avidin (Amersham Biosciences; Piscataway,
NJ), 0.1% Triton X-100, and 1% BSA. Prepare fresh from
stock solutions prior to use.

. Hoechst 33342 counterstain: 2 ug/mkL in PBS (Invitrogen/

Molecular Probes; Eugene, OR). Stock solution may be
stored at 4°C in the dark for several weeks.

. Vectashield antifade mounting medium (Vector Laboratories;

Burlingame, CA).

. PBS, pH 7 4.
. 4% Buftered formaldehyde: dilute high-quality formaldehyde

(v/v) in PBS prior to use.

. 20 pg/mL proteinase K (Roche Diagnostics Corp.). Stock

solution may be stored at -20°C for several months.

4. 95,90, 80, and 70% Ethanol in Coplin jars.

10.
11.

12.

13.

. 2% Hydrogen peroxide. Prepare fresh from hydrogen perox-

ide reagent stock prior to use.

. 2% BSA solution: 2% BSA (w/v) dissolved in PBS and passed

through a 0.45-um filter. Sterile stock solution may be stored
at 4°C for several weeks.

. 2x SSC buffer: 300 mM NaCl, 30 mM sodium citrate. Stock

solution may be stored at room temperature for several
months.

. TdT equilibrium bufter: 2.5 mM Tris-HCI (pH 6.6), 0.2 M

potassium cacodylate, 2.5 mM CoCl,, 0.25 mg/mL BSA.
Aliquots may be stored at ~20°C for several months.

. TdT reaction buffer: TdT equilibrium buffer containing

0.5 U/uL of TdT enzyme and 40 pmol/uL of biotinylated-
dUTP (Roche Diagnostics Corp.). Prepare fresh from stock
solutions prior to use.

Vectastain ABC-peroxidase stock solution (Vector Laboratories).

3,3’-Diaminobenzidine (DAB) staining solution (Vector
Laboratories).

TdT staining buffer: 4x saline-sodium citrate (0.6 M NaCl,
60 mM sodium citrate), 2.5 pug/mL fluorescein isothiocya-
nate-conjugated avidin (Amersham Biosciences), 0.1% Triton
X-100, and 1% BSA. Prepare fresh from stock solutions prior
to use.

Hematoxylin counterstain (Sigma-Aldrich; St. Louis, MO).
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14. Hoechst 33342 counterstain: 2 ug/mL in PBS (Invitrogen/
Molecular Probes). Stock solution may be stored at 4°C in
the dark for several weeks.

15. Aqua-Poly/Mount mounting medium (Polysciences, Inc.,
Warrington, PA).

3. Methods
(see Notes 1-4)

3.1. Cultured Cells

3.1.1. Suspension Cells

A flowchart of the general protocol for TUNEL staining of cells
and tissues is shown in Fig. 1. Cells or tissues are fixed with form-
aldehyde and then permeabilized with ethanol to allow penetra-
tion of the TUNEL reaction reagents into the cell nucleus.
Following fixation and washing, incorporation of biotinylated-
dUTP onto the 3’ ends of fragmented DNA is carried out in the
reaction containing TdT enzyme. Depending on the specific
needs of the investigator and /or available equipment, the incor-
porated biotinylated-dUTP may be visualized by (1) fluorescence
microscopy or flow cytometry following staining with fluorescent-
tagged avidin (see Note 5) or (2) light microscopy following
staining with horseradish peroxidase-conjugated avidin—biotin
complex in conjunction with a colorimetric substrate. Additionally,
TUNEL may be combined with immunohistochemical staining
in order to simultaneously label expressed antigens on cells within
the TUNEL-stained sample (see Note 6).

1. Collect cells by centrifugation (~160 x g), wash with PBS, and
resuspend cells at a concentration of 1-2x107/mL in PBS.
Transfer 100 pL of cell suspension to a V-bottomed 96-well
plate.

2. Fix cells by addition of 100 pL of 2% formaldehyde in PBS,
pH 7.4 (see Note 7). Incubate on ice for 15 min.

3. Collect cells by centrifugation, wash once with 200 pL of
PBS, and then postfix/permeabilize with 200 uL of 70% ice-
cold ethanol. The cells may be stored in 70% ethanol at -20°C
for several days.

4. Collect the cells by centrifugation and wash twice with 200 pL.
PBS.

5. Resuspend the cells (1-5x 10°) in 50 uL of TdT equilibration
bufter. Incubate the cell suspension at 37°C for 10 min with
occasional gentle mixing.

6. Resuspend the cells in 50 pL of TdT reaction bufter. Incubate
the cell suspension at 37°C for 30 min with occasional gentle
mixing.

7. Collect the cells by centrifugation and wash with 200 uLL PBS.
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Tissue Sections

Cultured Cells

l

| Formaldehyde Fixation |

\ 4

| Ethanol Post-fixation |

A 4

| TUNEL Reaction |

A 4

TUNEL Stain

(Fluorescent Label)

Counterstain
(Hoechst 33342 or PI)

Fluorescence/Confocal
Microscopy

Flow Cytometry

A 4

Formaldehyde Fixation
Paraffin Embedding

A 4

| Dewax/Rehydrate |

/

| Inactivate Peroxidases |

v

| Protease Treatment |

| Protease Treatment |

v

| TUNEL Reaction |

v

| Avidin-Biotin-HRP |

v

v

| TUNEL Reaction |

A 4

TUNEL Stain
(Colorimetric-DAB)

TUNEL Stain
(Fluorescent Label)

v

Counterstain
(Hematoxylin)

|

| Light Microscopy |

v

Counterstain
(Hoechst 33342 or PI)

}

Fluorescence/Confocal
Microscopy

Fig. 1. General flow chart outlining the TUNEL assay protocol steps described in this chapter for staining cultured cells
and tissue sections. Reprinted with Permission from Humana Press, (29).

8. Resuspend the cellsin 100 uLL of TdT staining buffer. Incubate
the cell suspension at room temperature for 30 min in the dark.

9. Collect the cells by centrifugation, wash twice with 200 uL PBS,
and then resuspend in PBS at 2-8 x 10°/mL. For fluorescence
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3.1.2. Cytospin Preparation
of Suspension Cells

3.1.3. Adherent Cells

3.2. Tissue Sections

3.2.1. Colorimetric Staining
for Light Microscopic
Examination

10.

microscopy, attach coverslips using Vectashield antifade
mounting medium.

Examine the cells by fluorescence microscopy, confocal
microscopy, or flow cytometry.

TUNEL staining and subsequent fluorescent microscopic or con-
focal examination of suspension cells may be conveniently carried
out on cells attached to glass slides. The cell suspension protocol
may be easily modified to accommodate cytospin samples, as
described below.

1.

Collect cells by centrifugation, wash with PBS, and then collect
on glass slides pretreated with aqueous 0.01% poly-I-lysine
using a cytospin device. Routinely 1-5 x 10° cells are collected
on a single slide.

. Fix the cells by covering with a puddle of 1% formaldehyde in

PBS for 15 min.

. Rinse the slides with PBS, then transfer to a Coplin jar con-

taining ice-cold 70% ethanol for 1 h. The slides may be stored
overnight in 70% ethanol at 4°C.

. Rinse the slides with PBS and pipet 25-50 pL. of TdT bufter

onto the slides, enough to cover the cells. Incubate the slides
in a humidified chamber for 30 min at 37°C. In order to con-
serve reagents, a reduced volume of TdT buffer may be
applied and then caretully covered with a glass coverslip dur-
ing the incubation. Take care to avoid trapping air bubbles
which may lead to staining artifacts.

. Rinse the slides with PBS, then pipet 25-50 puLL of TdT stain-

ing buffer onto the slides. Incubate for 30 min at room tem-
perature in the dark.

. Rinse the slides with PBS, air dry, and attach coverslips using

Vectashield antifade mounting medium.

. Examine the cells by fluorescence or confocal microscopy.

. Fix tissue samples in 4% formaldehyde in PBS for 24 h and

embed in paraffin. Adhere 4-6-um paraffin sections to glass
slides pretreated with 0.01% aqueous solution of poly-l-lysine.

. Deparaffinize sections by heating the slides for 30 min at

60°C (or 10 min at 70°C), followed by two 5-min incuba-
tions in a xylene bath at room temperature in Coplin jars.
Rehydrate the tissue samples by transferring the slides through
a graded ethanol series: 2 x 3 min 90% ethanol, 1 x 3 min 80%
ethanol, 1 x 3 min 70% ethanol, and 1 x 3 min double-distilled
water (DDW).
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3.2.2. Fluorescent Staining

10.

11.
12.

13.

1.

. Carefully blot away excess water and pipet 20 pg/mL of

proteinase K solution to cover the sections. Incubate for
15 min at room temperature.

. Following proteinase K treatment, wash the slides 3x5 min

with DDW.

. Inactivate endogenous peroxidases by covering the sections

with 2% hydrogen peroxide for 5 min at room temperature.
Wash the slides 3 x5 min with DDW.

. Caretully blot away excess water, then cover the sections with

TdT reaction buffer. Incubate the slides in a humidified
chamber for 30 min at 37°C. In order to conserve reagents, a
reduced volume of TdT buffer may be applied and then care-
tully covered with a glass coverslip during the incubation.
Take care to avoid trapping air bubbles which may lead to
staining artifacts.

. Stop the reaction by incubating the slides 2x10 min in

2xSSC.

. Rinse the slides in PBS, then block nonspecific binding by

covering the tissue sections with 2% BSA solution for
30-60 min at room temperature.

. Wash the slides 2 x5 min in PBS, then incubate in Vectastain

ABC-peroxidase solution for 1 h at 37°C.

Wash the slides 2 x5 min in PBS, then stain with DAB staining
solution at room temperature. Monitor color development
until desired level of staining is achieved (typically 10-60 min).
Stop the reaction by incubating the slides in DDW.

Lightly counter-stain the tissue sections with hematoxylin.

Cover the tissue sections with coverslips using Aqua-Poly/
Mount mounting medium.

Observe the sections under light microscopy.

Follow steps 1-9 outlined above for the colorimetric staining
of tissue sections (Subheading 3.2.1), omitting the hydrogen
peroxide inactivation step.

. Wash the slides 2 x5 min in PBS, then cover the tissue sec-

tions with TdT staining buffer. Incubate the slides at room
temperature for 30 min in the dark.

. Wash the slides 2 x5 min in PBS.

. Lightly counterstain the sections with hematoxylin, Hoechst

33342, or other appropriate counterstain (see Note 8).

. Wash the slides with PBS, air dry, and attach coverslips using

Vectashield antifade mounting medium.

. Examine the tissue sections by fluorescence or confocal

microscopy.
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4. Notes

1. The protocols outlined in this chapter represent a general

method, along with several variations, that has been used suc-
cessfully for TUNEL staining of a broad variety of cultured
cells and tissues. However, specific cell types and tissues may
require modification or optimization of the staining condi-
tions to obtain successful results. Two of the steps that often
require optimization are formaldehyde fixation and proteinase
K treatment. A lack of observed TUNEL staining in the posi-
tive control sample may result from over-fixation (20). This
result may be remedied by using shorter fixation times and /or
reducing the formaldehyde concentration. Additionally, over-
treatment with proteinase K may cause loss of TUNEL stain-
ing in the positive control sample. Positive staining in the
negative control sample may also result from inadequate inac-
tivation of endogenous peroxidase activity (colorimetric detec-
tion), or nonspecific binding of the fluorescent-conjugated
avidin reagent (fluorescent detection). In the case of fluores-
cent detection, increasing the BSA concentration to 2-5% in
the TdT staining buffer and/or reducing the fluorescent-
conjugated avidin concentration may reduce the background
fluorescence. It is important to optimize the staining condi-
tions empirically with the control samples prior to examining
and interpreting data from experimental samples.

. While this chapter provides the investigator with a step-by-

step method for TUNEL staining that requires a modest
amount of reagents, ready-to-use TUNEL staining kits are
commercially available. Listed below are kits from four manu-
facturers that are supplied in a variety of formats to allow
flexibility with the method of visualization.

(a) In Situ Cell Death Detection Kits — Roche Diagonostics
Corp., Indianapolis, IN. Available with directly conju-
gated fluorescein-dUTP or tetramethylrhodamine-dUTP
for use with flow cytometry or fluorescence microscopy.
The kits are also available with anti-fluorescein antibody
phosphatase conjugates for use with light microscopy.

(b) APO-BrdU TUNEL Assay Kit — Invitrogen,/Molecular
Probes, Inc., Eugene, OR. Available with 5-Bromo-
dUTP (BrdUTP) and anti-BrdU antibody conjugated to
Alexa Fluor 488 for use with flow cytometry or fluores-
cence microscopy. The Alexa Fluor 488 dye is brighter
and more stable than commonly used fluorescein conju-
gates. An anti-BrdU antibody phosphatase conjugate
could also be used in conjunction with light microscopy.
The kit contains propidium iodide to determine total cel-
lular DNA content.
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(c) ApoTarget APO-BRDU kit — Biosource International,
Inc., Camarillo, CA. Available with BrdUTP and anti-
BrdU antibody conjugated to a fluorescein dye. The kit
contains propidium iodide to determine total cellular
DNA content.

(d) ApopTag kit — Millipore Corporation, Billerica, MA.
Available in an indirect format utilizing digoxigenin-dUTP
with an anti-digoxigenin antibody conjugated to either a
rhodamine fluorochrome or peroxidase enzyme, and in a
direct format utilizing fluorescein-dUTP. A TRITC-
conjugated anti-BrdU antibody-based kit optimized for
Guava instruments is also available from this vendor.

3. An increasing body of literature identifying artifactual
false-positive TUNEL staining highlights the importance
of confirming apoptotic cell death via additional methods
(12,13, 21). Artifacts have been attributed to physical treat-
ment — proteinase K digestion has been reported to expose
preexisting free DNA ends in fixed non-apoptotic cells for
TdT labeling (22), fixation and tissue handling techniques
can alter the outcome of TUNEL staining (13, 18), and his-
tological sectioning through nuclei can cause DNA strand
breaks in non-apoptotic cells and lead to TUNEL reactivity
(17, 18). Artifacts have also been linked to normal physiolog-
ical processes: In addition to the commonly observed TUNEL
reactivity of nuclei from degrading necrotic cells (14),
TUNEL reactivity has also been observed in cells undergoing
active gene transcription (19) and cells undergoing the pro-
cess of DNA repair (16). Thus, it is important to confirm
results from the TUNEL assay with other detection methods
(nuclear morphology, internucleosomal DNA laddering,
Annexin V staining, and caspase activation) in order to be
confident that the TUNEL reactivity is identifying events.

4. Itis critical to include control samples with each staining experi-
ment to facilitate interpretation of the staining results. As a posi-
tive control, treat cells and tissues with DNase I (1 pg/mL in
30 mM Tris-HCI (pH 7.2), 140 mM potassium cacodylate,
4 mM MgCl,, and 0.1 mM DTT) for 10 min at room tempera-
ture. Following DNase I treatment, wash the samples 3 x2 min
in DDW, then proceed with TUNEL staining. As a negative
control, omit the TdT enzyme from the TdT reaction buffer.

5. In addition to the commonly used fluorochromes described in
this review, a new generation of fluorochromes in a range of
emission wavelengths, which provide high sensitivity and
photostability, is available in TUNEL assay-ready formats. The
Alexa fluor™ series of fluorochromes are available conjugated
toan anti-BrdU antibody or streptavidin (Invitrogen, Carlsbad,
CA). The Cy" series of fluorochromes are available conjugated
to streptavidin or dUTP (Amersham, Piscataway, NJ).
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6. Immunohistochemical staining of cultured cells or tissue

sections for cell surface or intracellular antigens may be
performed simultaneously with TUNEL using colorimetric,
fluorescent, or a combination of colorimetric and fluorescent
detection systems (23-27). Additionally, TUNEL may be
combined with nuclear dyes, including propidium iodide and
4', 6-diamidino-2-phenylindole, in order to correlate apopto-
sis with cell cycle parameters (28). Multi-stained cells and
tissue sections can be analyzed by microscopy and, in case of
suspension cell cultures, by flow cytometry.

. Formaldehyde-fixed cell culture samples have been success-

tully stored in 70% ethanol at -20°C for several weeks prior to
TUNEL staining. The suitability of prolonged storage should
be determined empirically for the individual culture system
employed.

. Hoechst 33342 binds to DNA and serves as a nuclear stain.

Combining Hoechst 33342 staining with TUNEL staining
allows one to compare TUNEL-positive nuclei with sur-
rounding normal nuclei and observe changes in nuclear size
and morphology. Hoechst 33342 also serves as a counter-
stain, enabling visualization of anatomical structures in both
TUNEL-positive and TUNEL-negative cells in cultured cells
and tissues (20).
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Chapter 2

Combination of TUNEL Assay with Inmunohistochemistry
for Simultaneous Detection of DNA Fragmentation
and Oxidative Cell Damage

Alexander E. Kalyuzhny

Abstract

Oxidative cell damage causes disruption of DNA via formation of 8-hydroxy-2'-deoxyguanosine and can
trigger apoptotic cell death. The cells damaged by oxidative stress can either become apoptotic, or recover.
Therefore, it is helpful to employ a parallel assay that would confirm whether cells experiencing oxidative
damage undergo apoptosis. Our paper describes the technique that combines immunohistochemical
detection of 8-hydroxy-2'-deoxyguanosine with the TUNEL assay. This permits simultancous detection
of oxidative damage and apoptosis at a single-cell level. We have developed simple and reliable protocols
which can be used with cultured cells and slide-mounted tissue sections. These techniques can be employed
in research dealing with high-throughput drug screening, toxicology, and cancer.

Key words: Oxidative stress, 8-hydroxy-2'-deoxyguanosine, Immunohistochemistry, TUNEL assay,
Apoptosis, Cultured cells, Tissue sections, Double-labeling

1. Introduction

The TUNEL assay is a very powerful technique for the detection
of DNA fragmentation in cells. Based on terminal deoxynucleoti-
dyl transferase (TdT)-mediated nick end-labeling, TUNEL allows
for in situ detection of DNA breaks in both apoptotic and necrotic
cells (1, 2). That’s why the TUNEL assay is widely used to study
cellular mechanisms underlying embryonic development and
morphogenic redistribution of cells (3), aging (2, 4), tumorigen-
esis (5, 6), and neurodegenerative processes (7). Although
TUNEL detects DNA fragmentation, which appears to represent
the end-point of apoptotic DNA degradation, it cannot detect
the causes of such degradation which can be, for example, an

Vladimir V. Didenko (ed.), DNA Damage Detection In Situ, Ex Vivo, and In Vivo: Methods and Protocols,
Methods in Molecular Biology, vol. 682, DOI 10.1007/978-1-60327-409-8_2, © Springer Science+Business Media, LLC 2011
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oxidative stress induced by reactive oxygen species (ROS) and
oxygen radicals. Oxidative damage has been implicated in many
neurodegenerative disorders including Alzheimer’s disease, amy-
otrophic lateral sclerosis, Huntington’s disease, and Parkinson’s
disease (8-11). Oxidative stress leads to the formation of
8-hydroxy-2'-deoxyguanosine (8-OHdG) which, in turn, causes
disruptive DNA modifications. Immunohistochemical detection
ot 8-OHdG appears to be a valuable technique, allowing for iden-
tification of possible oxidative DNA damage induced by ROS.
However, measuring the extent of oxidative damage alone has a
limited value because it does not answer the question whether it
triggers apoptotic DNA damage or not.

Since apoptotic DNA fragmentation is preceded by oxidative
DNA damage, the sequential application of each technique allows
quantification of cells during the early phase (8-OHdG-positive)
and late phase (TUNEL-positive) of apoptosis. Because oxidative
damage may not result in cell death, measuring the number of
TUNEL- and 8-OHdG-positive cells helps to determine a thresh-
old of cellular sensitivity to oxidative stimuli at which DNA oxi-
dation results in DNA damage.

Protocols that combine the TUNEL assay and immunohis-
tochemical labeling for 8-OHAG can be used with cultured cells
and with sections. Briefly, after doing immunohistochemistry for
8-OHdG labeling, the same specimens are subjected to the
TUNEL assay. This technique is easy to perform and it can be
customized for a large variety of cells and tissues.

2. Materials

1. Dissociated (primary culture) rat dorsal root ganglia (DRG)
neurons from 3-day-old Sprague-Dawley rat pups.

2. DRG dissociation solution: 10 mg/mL of collagenase /dis-
pase (Roche Molecular Biochemicals, Indianapolis, IN) in
Hank’s Balanced Salt Solution (HBSS; Gibco BRL, Grand
Island, NY).

3. Culture media for DRG neurons (all reagents except NGF
are from Sigma-Aldrich, St. Louis, MO): Ham’s medium
(E-12; Gibco BRL, Grand Island, NY) supplemented with 5%
heat-inactivated horse serum and 5% fetal bovine serum,
50 ng/mL nerve growth factor (R&D Systems, Minneapolis,
MN), 4.4 mM glucose, 2 mM I-glutamine, penicillin (50 nug/
mL) and streptomycin (50 pug/mL).

4. Chemical fixation of cultured DRG neurons: 4% formalde-
hyde fixative.
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Paraformaldehyde powder is toxic and it is required to wear
mask and gloves and use the chemical hood when working
with this chemical.

(a) Prepare solution A (phosphate buffered saline, PBS): Fill
1 L beaker with 900 mL of distilled water and dissolve
0.23 g of NaH, PO, (anhydrous), 1.15 g Na,HPO,
(anhydrous), and 9 g NaCl. Adjust pH to 7.4 using 1 M
NaOH and/or 1 M HCI;

(b) Prepare solution B (8% formaldehyde): Slowly dissolve
8 g of paratormaldehyde powder in 100 mL of deionized
water using heating stir plate. After temperature reaches
58°C turn the heat off and add one to two drops of 1 M
NaOH to clear formaldehyde solution. Continue stirring
for another 20-30 min, cool it down and filter it using
filter paper such as Whatman #1;

(c) Monitor the temperature of formaldehyde solution using
a thermometer to avoid heating this solution above 58°C.
Formaldehyde solution heated above 58°C is not useful
as a fixative: it should be discarded and new batch has to
be made;

(d) Four percent formaldehyde fixative: is prepared by mixing
one part of Solution A with one part of Solution B. For
solution stored at 4°C its expiration date is about 4 weeks.

. DRG culture dishes and other accessories: Multiwell (4 or 8
wells) chamber slides and sterile 35 mm Petri dishes, 70%
alcohol, Pasteur pipettes, scissors, forceps, dissecting micro-
scope, and sterile hood for dissection and dissociation of
DRG neurons. 37°C/CO, humidified incubator to culture
dissociated DRG neurons.

. Reagent to induce oxidative stress: prepare 0.5 mM solution
of H,O, by adding 0.5 puL of 30% H,O, to 8.8 mL of Hank’s
Balanced Salt Solution (HBSS; Gibco BRL, Grand Island,
NY). Prepare 5 uM solution of H,O, by adding 100 pL of
1 mM H,O, solution to 9.9 mL of HBSS. Store at 4°C.
Calculate the volume of each reagent needed for stimulation
cells in two multiwell (4-well or 8-well) chamber slides.

. Dilution buffer: PBS containing 1% bovine serum albumin,
1% normal donkey serum, 0.3% Triton X-100 (v/v), and
0.01% sodium azide.

. Anti-8-OHdG (primary) antibodies for immunocytochemis-
try: Prepare working solution of 5 ug/mL of mouse mono-
clonal anti-8-OHAG antibodies (Cat # 12501, clone 15A3;
QED Bioscience Inc., San Diego, CA) in a dilution buftfer.
This primary antibody solution will be used to incubate both
dissociated DRG neurons and tissue sections mounted onto
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histological slides. This solution can be stored at 4°C for up
to 1 month and for longer storage it is reccommended to make
small volume aliquots and store them at -20°C for up to
1 year and avoid their repeated freeze-thaw cycles.

. Fluorescent detection (secondary) antibodies for 8-OHdG

visualization: Donkey anti-mouse conjugated with NL-493
(Cat # NLO009; R&D Systems, Inc., Minneapolis, MN).
Dilute secondary antibodies 1:100 with dilution buffer and
use it as a working solution (can be stored at 4°C for up to
1 month).

Fluorescent detection of TUNEL reaction: Prepare 1:100
working solution of Streptavidin conjugated with NL-557
(Cat # NL999; R&D Systems, inc., Minneapolis, MN) with
dilution buffer (can be stored at 4°C for up to 1 month).

Mounting medium for fluorescent labels: i-BRITE Plus
mounting medium (Cat # SF40000-1; Neuromics, Edina,
MN). This medium minimizes loss of fluorescence by fluores-
cent probes due to photobleaching during examination under
the fluorescence microscope.

TUNEL assay: TACS 2 TdT DAB kit (Cat # 4810-30-K;
Trevigen, Gaithersburg, MD; http://www.trevigen.com).
This kit is also available for ordering through VWR
International, LLC (http: //www.vwr.com).

Chromogenic system for 8-OHdG detection: HRP-AEC Cell
and Tissue Staining kit (CTS 003; R&D Systems, Inc.,
Minneapolis, MN);

Chromogenic system for TUNEL detection: HRP-DAB Cell
and Tissue Staining kit (CTS 002; CTS 005 or CTS 008;
R&D Systems, Inc., Minneapolis, MN) combined with DAB
enhancer (CTS010; R&D Systems, Inc., Minneapolis, MN);

Mounting medium for chromogenic labels: Aqueous mounting
medium (CTS011; R&D Systems, Inc., Minneapolis, MN).

Waterproof pen to label slides: SHUR /MARK pen

PAP pen: to draw a hydrophobic line surrounding tissue sec-
tion mounted onto histological slide (Cat # Z377821, Sigma-
Aldrich, St Louis, MO). This hydrophobic barrier prevents
leakage of incubation reagents from the slide.

Slide incubation chamber: “SlideShow” tray with transparent
cover (Cat # 6844-30CL; Newcomer Supply of Middleton
WI, http://www.newcomersupply.com)

Microscopy: Bright field /fluorescence microscope (Provis;
Olympus, Hauppauge, NY) equipped with microscope digital
camera (DP71; Olympus Hauppauge, NY) and fluorescence
filter sets (460-490 nm excitation/510-550 nm emission
and 541-551 nm excitation/572-607 nm emission).
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3. Methods

3.1. Double-Labeling
of Cultured DRG
Neurons for 8-OHdG
and TUNEL Reaction

All procedures were performed at room temperature unless stated
otherwise. If protocol calls for incubation at room temperature,
reagents stored at 4°C should be adjusted to room temperature
before they added to cell and tissue samples. Since 3-amino-9-
ethylcarbazole (AEC) and 3,3'Diaminobenzidine (DAB) are
potential carcinogens wear gloves to avoid contact of these reagents
with skin. It is recommended that each staining experiment be per-
formed in at least duplicate, in case some samples dry out during
the incubation and cannot be used to complete the experiment.

1. Prepare suspension of rat neonatal DRG neurons in a sterile
hood (see Note 1). Culture DRG neurons in multiwell cham-
ber slides in the 37°C/CO, humidified incubator for 2-3 days
and after that cells can be used in double-labeling experiments.

2. Transfer chamber slides with cells from the 37°C/CO,
humidified incubator into the sterile hood. Wait for approxi-
mately 20 min to allow temperature of the culture medium in
the chamber slide to decrease from 37°C to ambient.

3. Using a sterile pipette gently remove the culture medium
from each well: position the tip of the pipette into the corner
of the well to avoid disturbing cells that can cause their
detachment. Save collected culture medium in a sterile tube
for further use.

4. Add reagents to designated wells to induce oxidative stress.
In one or two wells add plain HBSS: cells in these wells will
serve as control groups (see Note 2). Place the chamber slide
back into the 37°C/CO, humidified incubator and incubate
for 30 min.

5. Transfer the chamber slide from the incubator into a sterile
hood. Discard oxidative stress reagents from designated
wells and rinse them three times with sterile HBSS. Discard
HBSS and add culture medium that has been collected in
step 3. Return chamber slides with cells into the 37°C/CO,
humidified incubator and incubate for additional 18-24 h
(see Note 3).

6. Transfer the chamber slide from the incubator to a lab bench,
discard the culture medium and add 4% formaldehyde into
each well. Fix cells for 10 min and then wash them 3 x 15 min
with PBS.

7. Remove the upper chamber from the slide using tools pro-
vided by the slide chamber vendor.

8. Place slides horizontally into humidity chamber, add primary
anti-8-OHdG antibodies and incubate 3 h. Alternatively, cells
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3.2. Double-Labeling
for 8-OHdG and TUNEL
Reaction on Paraffin-
Embedded Tissue
Sections

10.
11.

12.

13.

14.

15.
16.

17.

18.

may be incubated overnight at 4°C. Adding too much primary
antibodies may cause their leakage from the slide causing
samples to dry.

. Wash slide 3x15 min in PBS, place it horizontally into a

humid chamber, add secondary anti-mouse NL-493 conju-
gated antibodies and incubate for 1 h.

Wash slide 3x 15 min in PBS and start TUNEL assay.

Rinse slide with DNase-free water and permeabilize cells for
30 min with CytoPore reagent provided with TUNEL kit.

Rinse slide with DNase-free water and then transfer it into a
Coplin jar containing TdT labeling bufter: follow dilution rec-
ommendations provided with TUNEL kit. Incubate for 5 min.

Prepare TdT labeling mixture. Calculate the volume of TdT
mixture: 150 pl is required to cover the entire area of the slide
with cells. Combine TdT labeling components (TdT dNTP
mix, 50x Mn?**, TdT enzyme and TdT labeling bufter) as rec-
ommended in the TUNEL kit insert (see Note 4). Apply TdT
labeling mixture and cover it with 22 x60 mm coverslip. Do
not press the coverslip too hard to avoid the leakage of the
labeling mixture. Place slide horizontally into a humid cham-
ber and incubate at 37°C for 1 h.

Transfer slide with coverslip into a Coplin jar containing TdT
Stop Bufter: follow dilution recommendations provided in
TUNEL kit protocol. Keep slide in stop buffer for 2 min and
then pull it slowly out of the buffer to remove coverslip by
washing it off. If coverslip remains sticking to the slide, lift it
gently with fine forceps. Transfer uncovered slides with tissue
section into another Coplin jar filled with Stop Buffer and
incubate for 5 min.

Wash slide in PBS for 5 min.

Place slide horizontally into a humid chamber, apply three to
five drops of Streptavidin-NL-557 solution and incubate
for 1 h.

Stop the reaction by rinsing slides with PBS and then wash
them 3x10 min with PBS in a Coplin jar.

Mount under coverslips using mounting medium for fluores-
cent labels and examine the staining under the fluorescence
microscope (see Note 5).

Double-labeling immunofluorescence appears to be more conve-
nient than the procedure utilizing chromogenic labels: it is faster
and results in a clear distinction between color labels (see Note 6).
However, the presence of autofluorescent pigment, lipofuscin,
in human tissues can obscure fluorescent labels used for label-
ing tissue targets. For example, high density of lipofuscin in
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Alzheimer’s brain leaves no other option but to employ chro-
mogenic rather than fluorescent labels for immunohistochemical
experiments. We utilized Alzheimer’s brain tissue sections to
develop a two-color chromogenic detection protocol that can be
used on the same tissue section. This technique allows obtaining
a good contrast and accurate separation of color labels and can be
used for simultaneous immunohistochemical detection of DNA
fragmentation (see Note 7) and oxidative damage to RNA and
DNA on the same tissue section.

1.

Mark slides with tissue sections using waterproof SHUR/
MARK pen.

. Outline the tissue section with Pep-pen making at least a

2 mm gap between the outer edge of the tissue section and
the inner edge of the Pep-pen line. Allow Pep-pen drawing to
dry for at least 5 min.

. Place slide into a Coplin jar and deparaffinize paraffin-embedded

tissue sections by treating them sequentially with the following
reagents:

(a) Xylene — two baths, 10 min each;

(b) 100% ethanol — two baths, 10 min each;
(c) 95% ethanol — two baths, 10 min each;
(d) 70% ethanol — two baths, 10 min each.

4. Wash slides 2 x5 min in PBS.

. Wash slides in DNase-free water for 5 min.

. Treat tissue section with Proteinase K solution (see Notes 8

and 9). It will be necessary to calculate the working volume
of Proteinase K solution assuming that 50 is required to cover
2x1 cm? tissue area. Dilute Proteinase K concentrate with
DNase-free water using the ratio recommended in the
TUNEL kit data sheet. Apply Proteinase K solution onto tis-
sue section and cover them gently with the coverslip of appro-
priate size. Do not press coverslip too hard to avoid the
leakage of Proteinase K solution. Place this slide horizontally
into a humid chamber and incubate for 30 min.

. Transfer the slide with coverslips into a Coplin jar containing

DNase-free water and keep it there for 2 min. Pull the slide
slowly from water to facilitate removal of the coverslip.
Transfer uncovered slides with tissues into another Coplin jar
with fresh portion of DNase-free water.

. Remove slide from the Coplin jar, shake excess water, place it

horizontally and add three to five drops of H,O, blocking
reagent from Cell and Tissue Staining kit. Incubate 10 min in
a humid chamber.

. Rinse slide in DNase-free water for 5 min.
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10.

11.

12.

13.
14.

15.
16.

17.
18.
19.

20.

21

Transfer slide into a Coplin jar containing TdT labeling
buffer prepared according to dilution recommendations
specified in the TUNEL kit protocol. Incubate for 5 min.

Prepare TdT labeling mixture. Calculate the volume of TdT
mixture assuming that 50 pL is required to cover 2x1 cm? of
tissue area. Combine TdT labeling components (TdT dNTP
mix, 50x Mn?**, TdT enzyme and TdT labeling bufter) as rec-
ommended in the TUNEL kit protocol. Apply 50 uL of TdT
labeling mixture onto tissue section and cover it gently with cov-
erslip of appropriate size. Do not press the coverslip too hard to
avoid the leakage of the labeling mixture. Place slide horizontally
into a humid chamber and incubate it for 1 h at 37°C.

Transfer slide with coverslip into a Coplin jar containing TdT
stop buffer: follow up dilution recommendations provided in
TUNEL kit protocol. Keep slide in a stop bufter for 2 min
and then pull it slowly from the bufter to facilitate the removal
of the coverslip. Transfer uncovered slide into another Coplin
jar with fresh portion of stop buffer and incubate for 5 min.

Wash slide in PBS for 5 min.

Place slide horizontally into a humid chamber and apply three
to five drops of Streptavidin-HRP solution from Cell and
Tissue staining kit. Incubate 30 min.

Wash slide 2 x5 min in PBS.

Place slide horizontally onto a microscope stage and apply mix-
ture of DAB (from Cell and Tissue Staining kit, CTS002; R&D
Systems, Inc., Minneapolis, MN) with DAB enhancer to cover
entire tissue section. Monitor the development of dark-blue
color under the microscope using 4x or 10x power lens. Three
to ten minutes is needed for developing strong blue-black
labeling of nuclei in apoptotic and /or necrotic cells.

Discard DAB mixture from the slide.
Wash slide in PBS for 20 min.

Place slide horizontally and add three to five drops of H,O,
blocking reagent from Cell and Tissue Staining kit. Incubate
10 min in a humid chamber.

Rinse slides in PBS and perform avidin-biotin blocking pro-
cedure using reagents from Cell and Tissue Staining kit. Place
slide horizontally into a humid chamber and add three to five
drops of avidin blocking solution and incubate for 15 min.
Rinse slide in PBS, place it horizontally and add three to five
drops of biotin blocking solution and incubate 15 min.

. Wash slide in PBS for 20 min.
22.

Place slide into a humid chamber and apply primary anti-8-
OHAJG antibodies. 80-150 uL of antibody solution is needed
to cover the tissue section on the slide (see Notes 10 and 11).
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Incubate with primary anti-8-OHdG antibodies 16-24 h
at 4°C.

Wash slide 3x 15 min in PBS.
Repeat step 14.
Repeat step 15.

Place slide horizontally onto the microscope stage and apply
AEC solution from Cell and Tissue Staining kit (CTS003;
R&D Systems, Inc., Minneapolis, MN) to cover entire tissue
section. Monitor the development of red color under the
microscope using 4x or 10x lens. Strong red color usually
develops in 1-3 min.

Repeat step 18.

Cover tissue sections with aqueous mounting medium and let
them dry.

Use bright-field microscope equipped with digital color cam-
era to collect images of tissue section double-labeled for
TUNEL and 8-OHdG.

4. Notes

. Isolation of DRGs, their cell dissociation, and culturing

described in this chapter includes the following steps.
Decapitate 3-day-old Sprague-Dawley rats (use 70% alcohol
to sterilize surgical instruments (scissors and forceps) and
decapitated bodies). Under dissection microscope dissect
DRGs from the thoracic and lumbar segments of the spinal
cord and incubate them in collagenase/dispase digestion
solution for 30 min in the 37°C/CO, incubator. Dissociation
of cells can be accomplished by triturating DRGs through
large, medium, and small diameter flame constricted pipettes:
50-60 times/per pipette. Digestion is terminated by adding
10 mL of sterile HBSS into cell suspension and centrifuging
it at 500 x g for 10 min. Supernatant is discarded and the pel-
let is resuspended in the same volume of HBSS followed by
centrifugation. Supernatant is discarded and the resulting pel-
let is resuspended in 5 mL of F-12 culture medium. This cell
suspension is added into wells of sterile multiwell chamber
slides for further manipulations.

. Itis necessary to include different types of controls to be sure

that TUNEL signal is confined to true apoptotic or/and/
necrotic cells rather than was generated nonspecifically in
normal cells. There are three types of controls addressing the
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specificity issue: (a) reagent-specific, (b) target-specific and

(c) positive tissue control.

(a) Reagent-specific control answers the question whether
components of the TdT mixture interact with each other
in a specific manner. This type of control includes incu-
bating cell and tissue specimens with TdT mixture that
does not contain terminal deoxynucleotidyl transterase
(TdT enzyme). It is expected that that cell nuclei will not
be labeled. Some postmortem tissues stored for a long
time in formalin may show staining caused by nonspecific
tissue binding of either streptavidin-HRP or DAB chro-
mogen. However, the cytoplasmic pattern of such tissue
staining can be easily recognized from specific TUNEL
reaction which is always confined to cell nuclei.

(b) Target-specific control helps to determine whether
TUNEL assay detects only apoptotic/necrotic cells. This
is done by comparing labeling in normal tissues versus
tissues undergoing apoptosis or necrosis. To employ a
target-specific control, it is recommended to include nor-
mal cells and tissues with specimens undergoing apopto-
sis/necrosis. Although normal specimens may contain
cells with TUNEL-positive nuclei (due to naturally occur-
ring apoptosis), their number is expected to be much
lower in comparison with apoptotic/necrotic specimens.

(c) Positive tissue control is done to prove that TUNEL assay
is both reagent- and target-specific. This type of control
includes inducing apoptosis,/necrosis in normal cells and
tissues by treating them with nuclease. Nuclease treat-
ment causes DNA breaks and results in increased number
of cells with TUNEL-positive nuclei.

3. Cells and tissue sections should not dry during the incubation
and washing steps: specimens found dry should be excluded
from experiment because this may result in nonspecific back-
ground. Because partial drying may be overlooked by an
operator fatigued by processing a large number of speciments,
hence it is reccommended to interpret staining of tissue mar-
gins (which is more prone to partial drying) with caution.

4. The TUNEL kit manufactured by Trevigen includes
Streptavidin-HRP and DAB chromogen reagents which can
be used to obtain strong single-color brown-labeled nuclei. It
appears that using similar reagents from R&D Systems’ Cell
and Tissue Staining kit and DAB chromogen, combined with
R&D Systems’ DAB enhancer producing dark-blue color,
gives a better color separation when combined with AEC (red
color) chromogen. Alternatively, similar reagents can be
purchased separately from other vendors. However, using
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staining kits saves a lot of time because they don’t require any
time-consuming optimization.

. When manipulating digital images, brightness and contrast

should be adjusted on “control” and “experimental” samples
using identical parameters to avoid misrepresentation of stain-
ing results.

. The double-staining protocol presented in this chapter can be

used for other tasks including embryonic development, can-
cer research, aging and neurodegenerative disorders, and
toxicological studies. For example, this technique can be
employed for qualitative and quantitative pollution monitor-
ing using cultured cells as a pollution probe.

. Apoptosis and /necrosis determined by TUNEL needs to be

also confirmed by morphological criteria such as cell mem-
brane blebbing, shrinkage of cells, and the formation apop-
totic bodies.

. Proteinase K treatment may cause tissue damage recognized

as detached (floating) tissue fragments and /or holes of irreg-
ular size. In this case, it is recommended to reduce the dura-
tion of enzymatic treatment from 30 min to 10-20 min.
Cultured cells are more sensitive to the damaging effects of
Proteinase K and therefore enzymatic treatment on cytologi-
cal samples is not recommended. Alternatively, cells may be
permeabilized by incubating them in 0.1-0.3% Triton X-100/
PBS solution for 20 min.

. To enhance the signal intensity of 8-OHdG labeling, cells and tis-

sues may be treated with Proteinase K (10 ug/mL in PBS) from
10 to 30 min in a humid chamber at 37°C, but see Note 8.

The specificity of labeling for 8-OHAG is determined by two
factors: (a) specificity of 8-OHdG antibodies and (b) specific-
ity of immunohistochemical reagents. In addition, the speci-
ficity of staining may be evaluated using (c) negative control.

(a) Evaluating the specificity of anti-8-OHdG antibodies is
needed to confirm that immunohistochemical labeling
resulted from the interaction of antibodies with their
cognate (8-OHdG) target, rather than caused by their
cross-reactivity with irrelevant antigens. This can be
accomplished using a so-called absorption control.
Briefly, mix anti- 8-OHdG antibodies (taken in working
dilution, i.e. 5 ug/mL) with 10 ug/mL purified 8-OHdG
antigen (Sigma-Aldrich, St Louis, MO). Mix well and
incubate either 5 h at room temperature or overnight at
4°C. Since these antibodies recognize RNA-derived
8-OHdG as well, it is also helpful to do absorption con-
trol using 8-OHdG reactant. It is expected that intensity
of labeling will decrease when using absorption control
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(c)

mixtures since soluble antigens occupy binding sites on
anti-8-OHdG antibodies and thus reduce capacity to
interact with intracellular 8-OHdG targets.

Nonspecific signal can sometimes be present due to stick-
ing of immunohistochemical reagents to fixed cells and
sections. The simplest way to test this would be the incu-
bation of specimens by omitting anti-8§-OHdG antibody
from the working solution: lack of labeling proves speci-
ficity of immunohistochemical reagents. However, if non-
specific labeling is observed, additional steps are required
to block it. For example, nonspecific background staining
may be caused by free aldehyde groups present in tissues
that are fixed with formaldehyde or glutaraldehyde solu-
tions: free aldehyde groups are capable of reacting with
secondary antibodies “cross-linking” them to the tissue.
To neutralize free aldehyde groups, specimens can be
treated with 0.5 mg/mL of sodium borohydrate (NaBH,)
for 10-20 min at room temperature. Alternatively, free
aldehyde groups can be blocked by incubating samples in
10% normal horse or donkey serum for 5-30 min at room
temperature. The blocking of free aldehyde groups is
done before applying primary antibodies.

A negative control can be a specimen that is known to lack
the antigen of interest. For example, the antigen can be
intentionally destroyed. Since anti-8-OHdG antibodies
target DNA and /or RNA, their degradation is expected to
result in reduced or abolished cell and tissue labeling. To
do such a control, DNA and RNA may be degraded by
pretreatment of specimen with either 10 U/uL of DNase
I or 10 U/uL S1 DNase or 5 ug/ulL of RNase from
30 min to 1 h in a humid chamber at 37°C. Alternatively,
specimens can be treated with all three enzymes combined
together which appear to degrade DNA and RNA targets
more efficiently than using individual enzymes.

11. The advantage of using anti-8-OHdG antibodies produced

by QED Bioscience is that this antibody interacts with RINA
localized in the cytoplasm and therefore immunohistochemi-
cal labeling for 8-OHG does not obscure labeling for TUNEL,

which is confined to cell nuclei.
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Chapter 3

EM-ISEL: A Useful Tool to Visualize DNA Damage
at the Ultrastructural Level

Antonio Migheli

Abstract

A method for the localization of DNA strand breaks at the ultrastructural level is presented. The technique
involves the use of terminal deoxynucleotidyl transferase and labeled dUTP. Incorporation of labeled
nucleotides is visualized through colloidal gold labeling. Cells undergoing apoptotic or necrotic cell
death, as well as cells showing death-unrelated DNA damage, can be easily distinguished. The technique
uses tissues routinely processed for electron microscopy. It has been successfully applied to study DNA
damage and apoptosis in different pathologic conditions. The feasibility of this technique for retrospec-
tive studies on archival material is emphasized.

Key words: DNA damage, Iz situ end-labeling, Electron microscopy, Apoptosis, Necrosis

1. Introduction

DNA damage has been recognized as a fundamental player in
human diseases (1). Single- and double-strand breaks arise as a
consequence of either attacks from exogenous and endogenous
toxic agents, or genetic and acquired defects in DNA repair
mechanisms. Genomic instability and transcriptional infidelity are
at the basis of cancer, immune dysfunction, radiosensitivity, and
degenerative diseases. The central nervous system (CNS) is par-
ticularly prone to DNA damage, especially in the form of single-
strand breaks, because of the burden of genotoxic reactive oxygen
species that are continuously formed. DNA damage may alter the
expression of vulnerable genes involved both in neuronal survival
and in highly specialized functions such as learning and memory.
Several evidences point out the role of extensive DNA damage
and/or defective DNA repair in brain aging, ischemia, develop-
mental defects, and neurodegeneration (2, 3).

Vladimir V. Didenko (ed.), DNA Damage Detection In Situ, Ex Vivo, and In Vivo: Methods and Protocols,
Methods in Molecular Biology, vol. 682, DOI 10.1007/978-1-60327-409-8_3, © Springer Science+Business Media, LLC 2011
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DNA degradation is a critical step in cell death. Both apoptosis
and necrosis are the consequence of extensive and irreversible
DNA damage. Apoptosis is a major, although not unique, mecha-
nism of programmed cell death (PCD) (4, 5). Morphologically, it
is characterized by cell shrinkage, chromatin condensation and
margination, nuclear pyknosis, and late fragmentation into apop-
totic bodies, while cell membranes and organelles are preserved.
All of these changes are due to cleavage of various cytoplasmic
and nuclear substrates through caspase-dependent and indepen-
dent pathways (6, 7). During apoptosis, DNA is degraded into
oligonucleosomal fragments, multiples of 180-200 base pairs,
through activation of several nucleases (8).

DNA damage also occurs in necrosis. At variance with apop-
tosis, necrosis is not a programmed event, and is characterized
morphologically by early swelling, disintegration of membranes
and organelles and absence of chromatin condensation, and is due
to activation of non-caspase proteases (9). Necrotic DNA degra-
dation may occur both in a random and in an oligonucleosomal
fashion. 3'-OH and 5'-OH ends of DNA strand breaks are gener-
ated in both types of death, although with a different ratio (10).
However, double-strand breaks with single-base 3" overhangs
appear to be specific for apoptosis but not for necrosis (11).

A major advance in the study of DNA damage in single cells
has been the development of techniques for the iz situ end-labeling
(ISEL) of fragmented DNA, through the application of labeled
nucleotides and incorporation of enzymes such as DNA poly-
merase and terminal deoxynucleotidyl transferase (TdT) (12-14).
In the TUNEL assay (12) that employs TdT, only 3'-OH ends
are labeled; on the contrary, both 3'-OH and 5'-OH ends are
labeled with the DNA polymerase iz situ nick translation (ISNT)
assay (13, 14). In spite of this theoretical advantage of ISNT,
comparative % vitro (15) and iz vivo (16) studies have shown a
greater labeling capacity for TUNEL, which has been mostly used
thereafter.

Notably, both apoptotic and necrotic cell death will be labeled
by ISEL techniques (17-20). Furthermore, ISEL may also label
DNA damage in cells that are not actually dying (21-24), or it
may detect DNA damage that is due to artifactual conditions
rather than to pathologic events (25-27). Discriminating between
these various conditions is often difficult at the light microscopy
level. All these limitations have been obviated by moditying
the ISEL technique in order to visualize the DNA damage at the
electron microscopy (EM) level (28, 29). The EM-ISEL assay has
a number of potential applications: it can be used as a genotoxic-
ity assay (23, 28); most notably, however, it can be used as a cell
death assay, since morphologic changes of apoptosis or necrosis in
labeled cells are easily demonstrated at the ultrastructural level.
Finally, since the technique has been developed on tissues
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routinely processed for EM, retrospective studies on archival
material can be easily performed. Following its original descrip-
tion and application in neurodegenerative diseases characterized
by apoptotic neuronal death (29, 30), the assay has been success-
tully applied by other investigators to study DNA damage and
apoptosis in diverse conditions such as human development
(31, 32), heart and vascular diseases (33—35), myopathies (36, 37),
and renal (38), blood (39), and skin (40) diseases.

2. Materials

2.1. Tissues

2.2. Reagents

Tissue blocks are prepared according to routine EM procedures,
i.e., fixation in 2.5% glutaraldehyde for 1-3 h, postfixation in
1-2% osmium for 1-2 h, and embedding in an epoxy resin (see
Notes 1-3). After selecting the area of interest on toluidine blue-
stained semithin sections, thin sections are cut with an ultrami-
crotome, collected on Formvar-coated nickel grids, and stored
until use.

All solutions are prepared using double distilled water (DDW).

1. TdT (Roche Applied Science, Indianapolis, IN), 50 U/uL
solution, is stored at —20°C.

2. Digoxigenin-11-dUTP (Roche Applied Science, Indianapolis,
IN), 1 mM solution, is stored at -20°C (see Note 4).

3. Anti-digoxigenin goat immunoglobulins coupled with 10 nm
colloidal gold (Electron Microscopy Sciences, Hatfield, PA)
are stored at 4°C (see Note 4).

4. TdT buffer: 25 mM Tris-HCL, 200 mM potassium cacody-
late, 2.5 mM cobalt chloride, pH 6.6. This buffer is prepared
using two 2x stock solutions: (a) 50 mM Tris-HCI, 0.4 M
potassium cacodylate, pH 6.6; (b) 5 mM cobalt chloride in
DDW. After autoclaving, the two stock solutions can be
stored at room temperature. Prepare the TdT buffer by mix-
ing equal volumes of stock solutions a and b just before use.

5. 2x Saline sodium citrate (SSC) solution: 300 mM sodium
chloride, 30 mM sodium citrate, pH 7.0. Prepare a 20x stock
solution: 3 M sodium chloride, 0.3 M sodium citrate, pH
7.0. After autoclaving, the stock solution can be kept at room
temperature. Make a 2x solution with DDW just before use.

6. Tris-buffered saline (TBS). Prepare a 10x stock solution:
6.055 g Tris base, 40.91 g NaCl in 500 ml DDW, pH 7 4.
After autoclaving, the stock solution can be kept at room
temperature. Make a 1x solution with DDW just before use.
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2.3. Other
Requirements

. TBS-bovine serum albumin (BSA) buffer. Dissolve 100 mg of

BSA, fraction V, in 10 mL of TBS, pH 8.2. Store at 4°C.

. 2% Uranyl acetate in DDW. Prepare fresh before use and keep

in the dark.

. Anti-static tweezers are needed to handle nickel grids.

. Incubation chamber: to create a humid chamber, a conve-

nient way is to use a glass Petri dish. On the bottom, place a
wet round filter paper and apply a square sheet of Parafilm™
over the filter. Prepare two such chambers.

. Oven: set at 37°C and used for the TdT reaction.

3. Methods

10.

. Collect silver—gold thin sections on Formvar-coated nickel

grids and store until use.

. Place each grid over a 30-uL drop of TdT buffer inside the

first humid chamber.

. While the grids are floating, prepare the labeling solution in

an Eppendorf tube (keep all tubes on ice, as TdT can be easily
degraded) as follows: 1 U of TdT, 1 nmole of digoxigenin-11-
dUTP in 100 puL of TdT buffer.

. Divide the labeling solution into 20 pL drops in the first

humid chamber and place the chamber in the oven set at
37°C for 10 min.

. Quickly transfer the grids from the drops of TdT bufter to the

drops of the labeling solution and keep the chamber inside
the oven at 37°C for 10 min (see Notes 5 and 6).

. While the grids are being incubated in the oven, prepare two

series of 50 uLL drops of 2x SSC and one series of 50 L. drops
of TBS in a second humid chamber, and keep it at room
temperature.

. At the end of the incubation in the labeling solution, remove the

grids from the first chamber and rinse them on the 50-uL drops
of 2x SSC in the second chamber (two changes, 5 min each).

. Place each grid on the 50-uL drop of TBS for 5 min.
. While the grids are being rinsed in TBS, prepare a 1,/30 solu-

tion of colloidal gold-coupled anti-digoxigenin goat immu-
noglobulins in TBS-BSA, pH 8.2, and divide it into 50-uL
drops in the second humid chamber.

Incubate the grids in the anti-digoxigenin antiserum over-
night at 4°C.



EM-ISEL: A Useful Tool to Visualize DNA Damage at the Ultrastructural Level 33

11.

12.

The following day, rinse the grids extensively in several drops
of TBS and DDW.

Stain the grids with 2% uranyl acetate for 20 min and observe
in a transmission electron microscope (see Note 7).

4. Notes

. Best results are obtained with tissues that have been rou-

tinely processed for EM. We have found that fixation in
glutaraldehyde-osmium gives more reproducible results
compared to that in glutaraldehyde alone, or when para-
formaldehyde is used instead of glutaraldehyde. Tissues can
be fixed both by immersion and by perfusion (e.g., labora-
tory animals). Sections of biopsy material retrieved from
paraffin blocks and re-embedded in epoxy resin are also
suitable (unpublished observations).

. Two types of epoxy resins have been studied, i.e., Epon 812

and Araldite, without any appreciable difference.

. As an alternative to epoxy resins, acrylic resins such as LR

White and LR Gold (30, 41) and Lowicryl (32, 35, 40) can
be used. However, the morphologic detail is greatly decreased.
A potential advantage of acrylic over epoxy resins is that with
the former, EM-ISEL can be combined with immunoelec-
tron microscopy (IEM) (40). Likewise, ultrathin cryosec-
tions have been recently used for colocalizing EM-ISEL and
IEM (38).

. Fluorescein-12-dUTP labeled nucleotides (Roche Applied

Science) and 10-nm gold-conjugated anti-fluorescein immu-
noglobulins (EMS) can be used instead of digoxigenin-11-
dUTP and anti-digoxigenin antibodies, with an equivalent
intensity of reaction (unpublished observations). Other vari-
ants include (a) biotin-dUTP labeled nucleotides followed by
gold-conjugated streptavidin (32); (b) ultra-small 1-nm gold-
conjugated anti-digoxigenin antibodies (39) or ultra-small
1-nm gold-conjugated streptavidin (32), followed by silver
enhancement.

. No etching of the resin is needed prior to staining. In fact,

etching with oxidizing agents (10% H,O, or 10% NalO,)
resulted in weak to absent staining, suggesting that the 3'-
OH ends of DNA breaks are altered by the oxidizing agents
and are no longer recognized by TdT (30).

. The concentration of TdT and the length of the incubation

step in the labeling solution indicated in the protocol are
those that have given the best results in most cases.
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Higher TdT concentrations, or longer incubation times,
generally result in a progressive increase in the background
staining of nuclei of normal cells. The reason for the latter
finding is unclear. DNA nicks might be produced by the cut-
ting procedure itself and be revealed under favorable staining
conditions. Alternatively, the labeling might refer to sites of
active gene transcription that are located in the condensed
chromatin and have been demonstrated using a TdT-based
approach (42). The latter finding, however, usually requires
DNase I pretreatment of sections. However, since differences
in the labeling intensity may occur with different tissues, it is
strongly suggested that a series of grids be initially prepared,
varying both TdT concentration and the incubation time in
the labeling mix.

. Quantitative analysis of gold labeling as a measure of free

3'-OH DNA end density can be performed using various

programs (e.g., NIH Image Program) (10).
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Chapter 4

In Situ Labeling of DNA Breaks and Apoptosis
by T7 DNA Polymerase

Viadimir V. Didenko

Abstract

The native T7 DNA polymerase is a fast and highly processive enzyme that can be used for i situ detection
of apoptosis and various types of DNA breaks. The technique is quick and simple, and was shown to
label ecarlier stages of apoptosis compared to the terminal transferase technique. The iz situ labeling
applications of T7 DNA polymerase are presented and summarized from the DNA damage detection
standpoint. The detailed protocols are provided together with the discussion of their advantages and
limitations.

Key words: DNA breaks, Apoptosis detection, T7 DNA polymerase, DNA damage, I situ labeling

1. Introduction

The technique using native T7 polymerase to identity apoptotic
cells is one of several similar methods for the detection of DNA
breaks ¢» situ. The other enzymes employed in this type of label-
ing include terminal deoxyribonucleotidyl transferase (TdT) and
DNA polymerases, such as Escherichia coli DNA polymerase 1
(Pol I) and Klenow fragment of DNA polymerase I.

Technically, all these approaches are comparable and, when
applied to fresh-frozen or fixed cells and tissue sections, use 3’
termini at a variety of DNA breaks as priming points and synthe-
size new nucleic acid strands incorporating fluorescent or conven-
tional tags. The methods are subdivided into three categories
based on the mechanism of labeling:

1. TdT-mediated dUTP nick-end labeling (TUNEL) (1, 2),
also sometimes called 7 situ nick-end labeling (ISNEL) (3),
is based on the activity of TdT which, unlike Pol I or Klenow

Vladimir V. Didenko (ed.), DNA Damage Detection In Situ, Ex Vivo, and In Vivo: Methods and Protocols,
Methods in Molecular Biology, vol. 682, DOI 10.1007/978-1-60327-409-8_4, © Springer Science+Business Media, LLC 2011
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fragment, is template independent and catalyzes long single-
stranded DNA tails at any free 3' OH DNA ends.

2. In situ nick translation (ISNT) uses Pol I and the nuclease
DNase I to label actively transcribing DNA regions; if DNase
I is omitted, the Pol I labels the pre-existing single-stranded
DNA breaks (4, 5).

3. In situ (DNA) end labeling (ISEL) employs Klenow fragment
or T7 DNA polymerase to label various protruding 5" DNA
ends via fill-in reaction (3, 4, 6, 7).

Although the major application of these polymerization-based
methods is in apoptosis detection, they have also been suc-
cessfully used to identify the specifics of DNA damage in situ
(4, 8,9).

The rationale for employing iz situ labeling of DNA breaks
for apoptosis detection is the assumption that DNA fragmenta-
tion is a characteristic apoptotic marker. In spite of the ever-
increasing number of exceptions (10-13), orderly and extensive
DNA fragmentation is considered a hallmark feature of apoptosis
(1, 14). When combined with morphological verification and
immunohistochemistry, it can be used as a sensitive and specific
indicator of this process.

T7 DNA polymerase-based iz situ labeling is faster, cheaper,
and simpler than most other % situ approaches. The added advan-
tage is in its ability to identify apoptotic cells at an earlier stage
compared to TUNEL, the other popular technique (3).

Native T7 DNA polymerase is a heterodimeric 92-kDa
enzyme. It was originally isolated from E. co/i infected by T7 bac-
teriophage. It is composed of a polymerase proper- the T7 gene 5
protein, encoded by T7 bacteriophage, and a “booster” protein —
thioredoxin, encoded by the E. coli bacterium. Both parts of the
complex are essential for the efficient polymerization reaction.
Without thioredoxin, the gene 5 protein is a nonprocessive DNA
polymerase. It cannot continuously incorporate nucleotides with-
out dissociating from the primer template. Thioredoxin signifi-
cantly increases its affinity for the template, so that the DNA
synthesis becomes processive for thousands of nucleotides
(15, 16). By contrast, the Klenow fragment incorporates about
15 bases before dissociating, T4 DNA polymerase — about 10
bases, and T5 DNA polymerase — about 180 bases (17, 18). In
fact T7 DNA polymerase is one of the most processive thermola-
bile DNA polymerases, with higher processivity than Pol I,
Klenow fragment, or T4 DNA polymerase (15, 16). Importantly,
T7 DNA polymerase efficiently incorporates not only normal
dNTPs, but also biotinylated nucleotides (3).

The optimal polymerization templates for T7 DNA polymerase
are 5’ overhangs and single-stranded gaps in double-stranded DNA
with available 3" OH DNA ends. The enzyme does not possess
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the 5'— 3’ exonuclease activity, and consequently cannot catalyze
strand displacement synthesis at nicks (phosphodiester breaks) in
duplex DNA (19). In solution single-stranded DNA can serve as
a polymerization template-primer for T7 DNA polymerase.
However, in tissue sections, where DNA is fixed and immobile,
this is unlikely to happen because the process starts only when a
single DNA strand loops back and hybridizes to itself. Any
unpaired nucleotides at the 3’ terminus are then removed by the
3’ — 5’ exonuclease activity until a base-paired terminus is reached
and is used to prime the new strand synthesis (15, 19).

A significant feature of native T7 DNA polymerase, impor-
tant for its labeling applications, is its strong 3' — 5’ exonuclease
(proofreading) activity. The activity degrades a DNA strand in
the direction opposite to the direction of polymerization. The
hydrolysis reaction initiates from terminal 3" OH ends in both
single- and double-stranded DNA. The double-strand exonu-
clease activity of T7 DNA polymerase is about six times stronger
than its single-strand activity (20). However, in the presence of
four dNTPs, the 3' > 5’ exonuclease activity of T7 DNA poly-
merase is suppressed. dANTPs at 30 uM concentration completely
inhibit 3’ =5’ exonuclease activity for either single- or double-
stranded DNA (21). This probably reflects the inaccessibility of
the 3’ termini to the exonuclease because of the ongoing polym-
erization reaction at the termini (21, 22).

In the absence of nucleoside triphosphates, the enzyme initi-
ates DNA hydrolysis at nicks and 3'OH termini in DNA (15).
Starting from the available 3'OH ends, it will reduce 3’ overhangs
and blunt-ended DNA breaks into long 5" overhangs. It will
expand nicks into gaps and will enlarge the single-stranded gaps
in the partially double-stranded DNA. Excessive incubation can
result in complete DNA degradation.

The high processivity, strong 3'—5’ exonuclease activity,
and the ability to tolerate various tagged nucleoside triphos-
phates are the properties most important for the application of
T7 DNA polymerase for in situ labeling of DNA damage. For
additional key biochemical properties and constants of this
enzyme, see Note 1.

What molecular targets are labeled by T7 DNA polymerase
and justify its application for apoptosis detection?

Studies of apoptotic DNA fragmentation showed that the
DNA breaks in it were either blunt-ended or possessed short, single
nucleotide overhangs at 3' or 5’ ends (23-26). The cutting proper-
ties of the major executioner apoptotic nucleases were found to be
responsible for this effect, so that DNase I type enzymes produced
blunt-ends or single-base 3’ overhangs (23, 24), whereas caspase-
3-activated deoxyribonuclease (CAD) generated mainly single-
base 5’ overhangs (25). From this standpoint, apoptosis labeling
techniques that concentrate on the detection of these specific



40

Didenko

types of DNA brakes would be more specific. This was confirmed
with the introduction of iz situ ligation, which is highly specific
for apoptosis and uses T4 DNA ligase to label selectively blunt
ends or single-base 3’ overhangs (23, 27, 28). However, T7 DNA
polymerase preferentially fills in 5" overhangs and single-stranded
gaps in double-stranded DNA, so that neither blunt ends nor
3" overhangs are normally labeled. T7 DNA polymerase also
cannot label nicks (single phosphodiester bond interruptions) in
a DNA duplex because it is unable to displace the 5’-terminal
strand at the nick.

Blunt ends and 3’ overhangs become the targets of poly-
merase-based labeling due to the utilization of replacement syn-
thesis. The replacement synthesis procedure was initially developed
for in vitro applications of T4 DNA polymerase and employed the
strong 3'—5' exonuclease activity of that enzyme (29). The
approach was adapted for T7 DNA polymerase because it pos-
sesses an equally strong 3' — 5’ exonuclease activity. To make use
of the replacement synthesis, the labeling procedure includes
the step where, prior to the labeling reaction, the tissue sections
are pre-incubated with T7 DNA polymerase without adding
dNTPs. This pretreatment significantly expands the spectrum of
DNA breaks labeled by T7 DNA polymerase because its 3’ — 5’
exonuclease activity converts blunt-ended DNA breaks and
3’ overhangs into the detectable 5’ overhangs. It also expands
nicks into single-stranded gaps and lengthens the pre-existing
5’ overhangs and gaps in DNA, making them more prominent.
Although an overly long pre-incubation can extensively degrade
DNA, short pre-incubation serves as a signal amplifier.

Two modifications of the #» situ labeling technique using T7
DNA polymerase are described in this chapter. Both presented
protocols efficiently label apoptotic cells and proceed through
similar technical steps. The first technique was initially introduced
by Wood et al. (6, 7). It employs non-fluorescent detection and
labels apoptosis in unfixed, fresh-frozen sections and in cultured
cells. The second protocol was developed by Tanaka and co-authors
(3). It uses fluorescence labeling and is applicable to paraffin-
embedded sections. This technique can also be performed in a
double-staining format with immunohistochemistry for addi-
tional verification of cell death by apoptosis-related antibodies.
The formalin-fixed paratfin-embedded sections generally provide
significantly better morphology compared to frozen sections and
permit individual morphologic evaluations of labeled cells.

The T7 DNA polymerase-based technique was shown to label
cells in an earlier stage of apoptosis compared to TUNEL (3). In
experiments, the TdT-based and T7 polymerase-based labeling of
apoptotic rat brain neurons were compared with immunohis-
tochemical detection of active caspase-3 in these cells. The earlier
stage was indicated because the T7 DNA polymerase labeled
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more neurons with cytoplasmic localization of active caspase-3
compared with the TdT technique (40% vs. 13%). The T7-labeled
cells also had morphologic signs of earlier apoptosis, such as sig-
nificantly larger nuclei than those labeled by TdT (17.0+2.3 pm?
vs. 9.1+0.8 um?) (3).

The reasons for this preference toward earlier apoptosis detec-
tion are not completely clear. The explanation provided in the orig-
inal paper is not convincing. It stated that TdT preferentially labels
single-stranded DNA, whereas T7 DNA polymerase exclusively
labels DNA duplexes, It stated that TdT preferentially labels single-
stranded DNA, whereas T7 DNA polymerase exclusively labels
DNA duplexes, concentration of which supposedly decreases as
apoptosis progresses (3). A more likely explanation could be in the
ability of T7 DNA polymerase to expand the few nicks or single-
stranded DNA breaks produced in earlier apoptosis into wide
single-stranded gaps that are efficiently labeled by the enzyme.

Below we describe two protocols using T7 DNA polymerase
for apoptosis detection in frozen cells and tissue sections and in
formalin-fixed tissues. The descriptions are aimed at the beginner
in this field without previous experience with the method.

2. Materials

1. Cryostat-cut tissue sections (20-um thick) from fresh frozen
tissue blocks, unfixed cultured cells, or 5-6-um-thick sections
cut from paratormaldehyde-fixed, paraffin-embedded tissue
blocks.

2. Superfrost Plus microscope slides (Fisher Scientific, Pittsburgh,
PA) for cryostat sections and unfixed cells.

3. ProbeOn™ Plus charged and precleaned slides (Fisher
Scientific, Pittsburgh, PA) for the sections cut from paraform-
aldehyde-fixed, paraffin-embedded tissue blocks. Other slide
brands can also be used if they retain tissue well.

4. 10x Phosphate-buftered saline (PBS). For 1 L: dissolve 2.0 g
KH,PO,, 11.5 g Na,HPO,, 80 g NaCl, 2 g KCl in 800 mL
distilled water, mix and adjust pH to 7.4 with HCI. Add water
to bring the volume to 1 L.

5. 4% Formaldehyde. Dilute 37% formaldehyde (Sigma, St. Louis,
MO) in PBS 1:9. Store at 4°C, protect from light. Avoid
using after 3 weeks of storage.

6. 70%, 80%, 95%, and 100% ethanol.

7. Chloroform (Sigma, St. Louis, MO).

8. Unmodified T7 DNA polymerase 10 U/ulL (Epicentre
Biotechnologies Inc., WI) (see Note 2).
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10.
11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

. 10x T7 Reaction buffer (Epicentre Biotechnologies Inc.,

WI) — the reaction buffer for T7 DNA polymerase: 330 mM
Tris—acetate, pH 7.8, 66 mM potassium acetate, 100 mM
magnesium sulfate, 5 mM dithiothreitol.

0.5 mM EDTA, pH 8.0, in PBS.

Nucleotides: 200 mM dGTP, dTTP, dCTP, 20 mM dATP
and 40 mM biotin-14-dATP (Sigma, St. Louis, MO).

Streptavidin—Cy2 conjugate or streptavidin—fluorescein con-
jugate or streptavidin-Texas Red conjugate (Molecular
Probes, Eugene, OR).

0.1% BSA (USB Corporation, Cleveland, OH).

Biotin-blocking reagents, such as those provided in the Cell
and Tissue Staining kit (R&D Systems, Minneapolis, MN).

Streptavidin—peroxidase conjugates (Rockland Immuno-chemi-
cals, Inc., Gilbertsville, PA).

ImmPACT™ DAB Peroxidase Substrate (Vector Laboratories,
Burlingame, CA). DAB is a potential carcinogen.

Permount mounting media (Fisher Scientific, Pittsburgh, PA).

Vectashield (Vector Laboratories, Burlingame, CA) antifad-
ing-counterstaining solution with DAPI (1 pug/mL). Store at
4°C in the dark. DAPI is a potential carcinogen.

Glass or plastic coverslips.

Fluorescent or conventional microscope with appropriate
filters and objectives.

3. Methods

3.1. Protocol 1.
Fresh-Frozen Cryostat
Sections or Unfixed
Cells

. Air-dry unfixed cryostat sections, and then place them for

5 min in PBS. For cells, air-dry 100 pL of cells (approx.
1x10° cells/mL) on a glass microscope slide, then wash
gently in PBS.

. Place sections or cells in 4% formaldehyde for 10 min, then

wash 2 x5 min in PBS.

. Dehydrate sections or cells through serial ethanol washes for

2 min in each 70%, 80%, 95%, and 100% ethanol.

4. Place in chloroform for 2 min.

. Rehydrate by passing through graded ethanol concentrations:

95% Ethanol — 2 min; 70% Ethanol — 2 min; PBS — 3 x5 min
(see Note 3).

. Apply T7 Reaction Bufter. Incubate for 10 min at room tem-

perature (23°C) (see Note 4).
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3.2. Protocol 2.
Formaldehyde-Fixed,
Paraffin-Embedded
Tissues

7. Replace buffer with 0.1 U /uL. unmodified T7 DNA polymerase

10.
11.

12.

13.

14.

15.

16.

in T7 reactionbutfter. Incubate for 10 min at room temperature

(23°C).

. Replace with 0.1 U/uL unmodified T7 DNA polymerase,

0.2 mM each dCTP, dGTDP, dTTP, 0.02 mM dATD, 0.04 mM
biotin-14-dATP in T7 reaction buffer. Incubate for 10 min at
room temperature (23°C) (see Note 5).

. Aspirate the solution and stop the reaction by adding 0.5 mM

of EDTA, pH 8.0, in PBS.
Wash sections or cells in three changes of PBS.

For color development, incubate the slide in 0.1% BSA for
30 min, then rinse twice in PBS.

Cover the specimen with 10 pg/mL of streptavidin-peroxi-
dase in PBS for 30 min in the dark.

Wash the specimen in three changes of PBS.

Incubate the specimens with ImmPACT™ peroxidase DAB
substrate solution for 5-15 min at room temperature. Wear
gloves as DAB is a suspected carcinogen.

Stop the reaction by washing in three changes of distilled
water (see Note 6).

For viewing, the specimen is dehydrated for 10 min each in
70%, 95%, and then 100% ethanol, and clarified in xylene for

10 min. Mount a coverslip using Permount. A positive apop-
tosis reaction is indicated by a dark purple color (see Note 7).

. Place the sections (5-6-um-thick) cut from paratormalde-

hyde-fixed, paraffin-embedded tissue blocks onto ProbeOn™
Plus charged and precleaned slides (Fisher Scientific,
Pittsburgh, PA). Other slide brands can also be used if they
retain tissue well.

. Dewax the sections in xylene for 15 min, transfer to a fresh

xylene bath for additional 5 min.

. Rehydrate by passing through graded ethanol concentrations:

95% cthanol — 2x5 min; 80% cthanol — 5 min; water —
2 x5 min (see Note 8).

. Equilibrate in T7 buffer for 10 min at room temperature

(23°C) (see Note 4).

. Replace buffer with 1 U/uL unmodified T7 DNA polymerase

in T7 reaction buffer. Incubate for 10 min at room tempera-
ture (23°C) (see Note 9).

. Apply the full reaction solution composed of 0.1 U/uL of T7

DNA polymerase, 200 mM dGTP, dTTP, dCTP, 20 mM
dATP, and 40 mM biotin-14-dATP in T7 buffer. Incubate
for 1 h at 37°C in a humidified chamber (see Note 10).
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10.
. Add Vectashield with DAPI and a coverslip (see Note 7).

11

. Aspirate the solution and stop the reaction by incubating for

10 min in 50 mM EDTA, pH 8.0, in PBS at room temperature.

. Wash the sections 3x10 min in distilled water by gently

immersing the slides in a coplin jar containing water at room
temperature.

. Dilute 2 pL of streptavidin—Cy2 conjugate in 1 mL of sodium

bicarbonate buffer (see Note 11). Add 100 uL of this solu-
tion to the section. Incubate for 45 min at room temperature
in a covered humidified chamber (see Note 12).

Wash 3x10 min in distilled water.

4. Notes

. Here is a brief synopsis of the properties of native (unmodi-

fied) T7 DNA polymerase relevant to its usage for in situ
labeling of DNA breaks and apoptosis.

Temperature sensitivity. Optimal temperature 37°C; increasing
the temperature to 42°C inhibits polymerase and exonuclease
activities with half-time ~3 min (in the absence of Mg?*) (21).
Incubation at 75 C for 10 min completely inactivates the
enzyme (in the presence of Mg?*). Lowering the temperature
below 37°C reduces polymerization rates and processivity.
One week at room temperature (23°C) results in 30% loss of
enzymatic activity (15). Enzyme is stable when stored at —20°C.

pH sensitivity: Optimal pH 7.6-7.8 in potassium phosphate
buffer. The enzyme is less active (retains ~40% activity) in Tris
buffer in the same pH range (30).

The enzyme is remarkably stable at alkaline pH values,
whereas it is irreversibly inactivated at acidic pH (retains 83%
activity after 2 h at pH 12, while it is only 4% active after 2 h
at pH 2.2) (31).

Sensitivity to ions: Mg?** or Mn?* ions are absolutely required
for polymerization reaction. The Mg?** optimum is 10 mM at
150 uM of each of the four nucleotides (31). Optimal con-
centration of Mn?* is 0.1 mM (32). Substitution of Mn?* for
Mg?* changes some enzyme properties such as fidelity (15).

KCl at 20 mM increases enzyme activity by 20% followed
by complete inhibition at 300 mM (31).

Effects of chemicals: Sensitive to sulthydryl inactivation and in
order to remain active requires 2-mercaptoethanol or dithio-
thretol. When 2-mercaptoethanol is omitted from the incuba-
tion mixture, the reaction proceeds at only half the optimal rate
(30). EDTA chelates Mg?* and is a strong polymerase inhibitor.
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Use of 30 uM dNTPs (but not rNTDPs) inhibits 3’ — 5’
single-strand and double-strand exonuclease activities (21).

Nucleotide incorporation: Shows the comparatively high K
value (Michaelis constant) for an equimolar mixture of the
four dNTPs=80 uM (31). The rate of synthesis is ~100
nucleotides per second and a single enzyme molecule is capa-
ble of synthesizing thousands of nucleotides from the same
primer without dissociating (33).

Efficiently incorporates ddNTPs, dNTPaS, dITP,
7-deaza-dGTP, and biotin-14-dATP (3, 15). The efficiency
of incorporation significantly increases when Mn?* (2 mM) is
substituted for Mg?* (5 mM) (32). The native enzyme cannot
incorporate 1,N° etheno-2'-deoxyadenosine 5'-triphosphate
unlike modified enzyme without exonuclease activity (33).

Native T7 DNA polymerase cannot catalyze strand-dis-
placement synthesis and stalls when synthesizing DNA at a
nick (33). The unmodified native enzyme also does not
polymerize nucleotides through hairpin structures and termi-
nates the extension within three to four nucleotides of the
base of the hairpin (33).

2. Unmodified, i.e., native T7 DNA polymerase is used in this
labeling technique. In modified T7 DNA polymerase, such as
Sequenase™ from USB Corporation, the 3'— 5’ exonuclease
activity of the original enzyme has been removed. Although
such an enzyme will still label 5" overhangs, its utility for
apoptosis detection iz situ has not been tested.

3. Alternately, after fixing, the cells or sections can be permeabi-
lized by incubating 5 min in 0.1% Triton X-100, followed by
three washes in PBS. To suppress endogenous peroxidase
activity, treat the sections with 0.1% hydrogen peroxide for
20 min. To block endogenous biotin, incubate with biotin-
blocking reagents, such as those provided in the Cell and
Tissue Staining kit. Wash 2x in PBS.

4. Pre-incubation with T7 buffer ensures even saturation of the
section prior to addition of the enzyme and dNTPs for uni-
form staining. Use 50-200 pL of solution, as needed, to
cover the section or cells.

5. Direct fluorescent labeling is possible by using fluorescent
dNTPs instead of biotin. To ensure the absence of nonspe-
cific background staining due to interactions between fluoro-
phores and charged groups in cellular proteins, the signal
should be verified using control sections incubated with fluo-
rescent dN'TPs without the enzyme.

6. At this stage, if required, the specimen may be counterstained
using Eosin, Methyl Green, or Hematoxylin.

7. A mock reaction is recommended as a regular control in order
to rule out nonspecific background staining. In a mock reaction,
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8.

10.

11.

12.

all labeling reaction components except the enzyme are
present. A positive control with verified apoptosis is also
recommended (such as dexamethazone-treated rat thymus,
etc. (23)).

At this point, many protocols that use other DNA polymerases
include a tissue permeabilization step accomplished by pro-
teinase K treatment (4). This permits better access of poly-
merases to the sites of the breaks in formaldehyde-fixed
sections. However, the proteinase K step is absent in all T7
DNA polymerase protocols, developed for either frozen or
formalin-fixed sections (3, 6, 7, 34). In frozen sections, the
proteinase K digestion can easily detach frozen sections from
glass slides. Therefore, cells and sections are in this case per-
meabilized by incubation for 5 min in 0.1% Triton X-100,
followed by three washes in PBS. However, in case of forma-
lin-fixed sections, the absence of proteinase K treatment lim-
its the amounts of detectable DNA breaks and could be one
of the factors responsible for the detection of earlier apoptotic
DNA breaks by this modification of the T7 DNA polymerase
technique.

. Note that in case of formalin-fixed sections, the amount of

T7 DNA polymerase in the pre-incubation solution is ten
times higher compared to that in the case of fresh-frozen
sections.

Note the higher temperature (37°C) and the longer time of
the labeling reaction (1 h) in case of formalin-fixed sections
compared to that in the case of fresh-frozen sections and
unfixed cells.

Other fluorescent conjugates can be used instead, such as
streptavidin—fluorescein, streptavidin—Texas Red, etc. Some
tissue sections have higher nonspecific background labeling
with one particular type of fluorophore but not the other. In
this case, using a different conjugate can significantly improve
the signal /noise ratio.

Non-fluorescent signal sometimes produces less background
compared with fluorescent labeling. It can be achieved by sub-
stituting streptavidin-peroxidase for streptavidin-fluorophores,
with subsequent color development by using ImmPACT™
peroxidase DAB substrate solution as described in
Subheading 3.1. In the color development step, incubate
tissue sections with the DAB substrate working solution at
room temperature until suitable staining develops. The opti-
mal development time is determined experimentally and gen-
erally is in the 2-15 min range.
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Chapter 5

In Situ Ligation: A Decade and a Half of Experience

Peter J. Hornsby and Viadimir V. Didenko

Abstract

The in situ ligation (ISL) methodology detects apoptotic cells by the presence of characteristic DNA
double-strand breaks. A labeled double-stranded probe is ligated to the double-strand breaks iz sitx on
tissue sections. Like the popular TUNEL assay, ISL detects cells in apoptosis based on the ongoing
destruction of DNA by apoptotic nucleases. In comparison to TUNEL, it is more specific for apoptosis
versus other causes of DNA damage, both repairable damage and necrosis. In the decade and a half since
its introduction, ISL has been used in several hundred publications. Here we review the development of
the method, its current status, and its uses and limitations.

Key words: ISL, ISOL, TUNEL, Apoptosis, Iz situ assays, Pathophysiology, Nucleases

1. Introduction

In the early 1990s, the authors were studying the role of cell cycle
inhibitors such as p21WAF1 /CIP1 in tissue damage and aging (1).
As part of these studies, we needed an accurate measure for the
incidence of apoptosis in the tissues we were studying. This is a
frequent issue in biomedical science and pathological diagnosis: the
need for an accurate measure of the number and location of apop-
totic cells in fixed tissue. At the time, and continuing to the present
day, the popular method for detecting apoptotic cells was the
TUNEL (terminal deoxynucleotidyl transferase dUTP nick end
labeling) technique (2). This labeling method depends on the ability
of terminal deoxynucleotidyl transferase (TdT) to add nucleotides
to breaks in DNA. During the late stages of apoptosis, double-
strand breaks are produced when activated nucleases cleave DNA.
Terminal transferase is used in this assay to add labeled nucleotides
to the 3’ ends of cleaved DNA molecules, thus providing a sensitive
assay for detecting apoptotic cells in tissues (see Note 1).

Vladimir V. Didenko (ed.), DNA Damage Detection In Situ, Ex Vivo, and In Vivo: Methods and Protocols,
Methods in Molecular Biology, vol. 682, DOI 10.1007/978-1-60327-409-8_5, © Springer Science+Business Media, LLC 2011
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In our experiments, it soon became apparent that many cells
that were TUNEL positive could not in fact be undergoing apop-
tosis. In particular, in studies of the adrenal cortex, we found that
some treatments caused large numbers of cells to become
TUNEL+ (1). Despite this, the gland did not disappear over the
next few days — as would have been expected if such a large por-
tion of the gland were comprised of cells that were actually in a
terminal phase of cell death. Instead, the gland appeared to make
a full recovery. This indicated that the strand breaks detected by the
TUNEL assay were not indicative of apoptosis, but represented
sites of temporary damage and potential repair (see Note 2).

We then set out to devise an assay to detect strand breaks in
apoptotic cells that would be more specific than the TUNEL
assay. We thought of adapting the concept of i situ detection of
DNA strand breaks by using a process that did not depend on
terminal transferase end labeling. The distinctive feature of apop-
tosis is the presence of double-strand breaks, which may have
cither blunt or staggered ends. We wanted to label double-strand
breaks in such a way that the double-stranded nature of the DNA
ends would become an essential part of the labeling process;
single-stranded DNA ends would not be labeled. We developed
the idea that double-strand breaks could be labeled by ligation of
a double-stranded DNA tag. This method is in essence an in situ
adaptation of ligation methods used commonly in molecular biol-
ogy, both during subcloning procedures and in analytical proce-
dures, such as ligation-mediated PCR (3) (see Note 3).

In our first experiments we used PCR to make digoxigenin-
tagged double-stranded fragments that could be ligated to DNA
double-strand breaks in apoptotic cells (4). These probes were
incubated with deparaffinized or frozen sections of tissue in a mix
of buffer, T4 DNA ligase, and ATP (required for the ligase reac-
tion). The probes were allowed to become covalently attached to
available sites on the section, and unattached probes were then
washed away. The attached probes were detected by an antibody
against digoxigenin or were directly observed by fluorescence
microscopy. Practical tests of the method showed that it did
indeed label apoptotic cells specifically. As a positive control we
used rat thymus 24 h after administration of glucocorticoid, a
model for apoptosis well-established by previous investigators
(5). These experiments resulted in the introduction of a new assay
for in situ detection of apoptosis.

2. An Assay
with Many Names

The in situ ligation assay was designed to mark apoptotic cells via
detection of two specific types of DNA damage. It selectively
labels 5" phosphorylated double-strand DNA breaks, which have
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either blunt ends or 3’ single base overhangs. Its basic components
are the enzyme T4 DNA ligase and a DNA-based probe, which is
ligated to the ends of cellular DNA breaks.

In the initial 1996 paper, where we described the technique
using PCR fragments as probes, we did not give the assay a special
name (4). This later resulted in an unusual consequence of the
ligation assay having multiple different names.

Soon after the assay introduction, as we gained more experi-
ence with é7 situ ligation, we realized that the major practical
problems were to make sufficient amounts of the PCR product
and to purify it away from unincorporated labeled dNTPs, which
could produce increased background on the section. We thought
that making a probe chemically rather than enzymatically might
solve these problems. To that end, we designed a double-stranded
oligonucleotide that could be used to label double-strand breaks.
The first generation of these hairpin probes had a stem-loop
configuration resembling a tennis racket and became known as
“looped hairpins” (6) (see Note 4). The design offered the advan-
tages of structural uniformity and stability. The probes carried five
biotins located in the loop area and were easy to prepare in large
quantities. However, the loop area had some tendency to stick to
sections and the ¢z situ labeling procedure still required lengthy
washing steps to remove the unligated probe. To address these
issues, we designed a new oligonucleotide probe which became
known as a “loopless hairpin” (7). In the new probe design,
the reactive single-stranded loop was eliminated. In order to avoid
steric hindrance problems and to create better conditions for
the reaction between biotin and streptavidin in probe detection,
the number of biotins was reduced from five to one. The design
substantially reduced the cost of the probe and simplified the assay,
transforming it into the 7z situ oligonucleotide ligation technique
(ISOL), a convenient and robust modification of ISL. methodol-
ogy detecting apoptosis and DNA damage in tissue sections.

These developments came one after the other in short inter-
vals, so all of the different probe designs were put into use in rapid
succession and were employed concurrently. As a result, the ISL
assay is known under many names depending on the probe design
used by a particular research group. In general, these names
follow the evolution of the ligation probes. So that when PCR
probes are employed, the assay is presented as “7Tagand Pfu label-
ing techniques” (8-10) or “Tag and Pfu polymerase in situ liga-
tion assay” (11-16). The “looped” probes usage is acknowledged
by such names as “hairpin probe assay” (17) or “HPP staining”
(18-20). The arrival of the “loopless” probe and the popular
commercial kit (ApopTag® Peroxidase In Situ Oligo Ligation kit
from Millipore) which used it, resulted in the names of “in situ
hairpin-1 ligation assay” (21) and “in situ oligonucleotide liga-
tion” (ISOL) (22, 23). In addition to those, several more general
or exotic names are simultaneously used, such as “in situ DNA
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ligase method” (24), “3’-overhang ligation” (25), “PCR i situ
ligation assay” (26), and even “the Didenko and Hornsby ligation
technique” (25).

We, as many others, prefer the most general title of “in situ
ligation” (ISL) which is not influenced by variations in probe
design (27-31).

3. Technological
Evolution of In Situ
Ligation Assay

3.1. Ligation Probes

The in situ ligation technique underwent several cycles of rede-
velopment since its inception in 1996. The majority of improve-
ments concentrated in three areas: new ligation probes, expansion
of detection targets, and increased sensitivity of detection.

We have already discussed the three different designs of in situ
ligation probes. Although, with each new design our intent was
to develop a probe which would surpass the earlier construct on
all counts, yet all of these probe configurations appeared to have
their own advantages and limitations. This probably explains why
all of them are simultaneously employed by different groups.

The PCR-derived probes contain dozens of tags, which results
in high sensitivity because every detected DNA break is labeled
by multiple dyes. Another attractive feature of these probes is that
they can be easily produced ad hoc when needed in any molecular
biology laboratory. Their disadvantage is in the longer and more
numerous washing steps because they tend to stick to tissue
sections.

The advantage of the loopless hairpin probes, such as those
used in the ApopTag ISOL Kkits, is the complete absence of non-
specific background staining, as all unligated probes are easily
washed away from the sections. Oligonucleotide probes also pro-
vide the opportunity to design any kind of double-stranded DNA
ends, both for apoptotic cell labeling and for labeling any types of
double-strand breaks in other biological materials. The hairpin
configuration offers an efficient solution to the problem of form-
ing double-stranded probes that are uncontaminated by single-
stranded DNA. However, loopless hairpins only place a single tag
at the end of cach detected DNA break and, as a result, have the
lowest sensitivity. This can be partially improved by using the
postlabeling enzymatic amplification of signal (28).

The “looped” hairpins occupy a position intermediate between
the PCR-derived and the “loopless” probes. They contain at least
five tags but also possess a single-stranded region, which necessi-
tates more vigorous washing of sections.

While the advances in ligation probes focused mainly on
background reduction and more specific detection, the other
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direction in ISL evolution concentrated on increasing the variety
of detected types of DNA damage and on co-labeling of other
cellular markers.

Per se the ISL assay exclusively detects only two DNA targets: it
labels 5’ phosphorylated double-strand DNA breaks which have
either blunt ends or 3’ single base overhangs. These particular
types of breaks are important because they mark apoptotic cell
death and can be used in its discrimination from necrosis.
However, the spectrum of detectable biological targets and the
utility of the assay can be expanded by combining ISL with other
assays in dual- and triple-staining procedures. This advantage was
explored in recent years by combining the ISL staining with other
techniques, such as antibody immunohistochemistry, TUNEL,
Klenow polymerase-based labeling, vaccinia topoisomerase-based
labeling, and T4 DNA kinase section pretreatment. Such multila-
beling procedures generate more information as compared with
single-staining. They increase the variety of detected DNA breaks,
show their relative distribution, and covisualize protein-based
markers of cellular processes. The approach is also useful for vali-
dating results of individual techniques employed in experiments.

ISL-TUNEL colabeling was, perhaps, the earliest used combina-
tion. In terms of DNA breaks detection, the popular TUNEL
assay labels both single- and double-strand breaks (32). The only
requirement for labeling to work is the presence of free 3'OH
groups. This assay is frequently employed to label apoptotic cells;
however, it suffers from low specificity due to the presence of
DNA breaks with 3'OH in many other processes (4, 33-37). The
combination of TUNEL and ISL permits improved detection of
apoptotic cells and better analysis of DNA damage present i situ.
This costaining could not be used with PCR-derived probes
because 3'OH groups at the unligated ends of the probes would
be labeled by TUNEL. In addition, nicks and single-stranded
breaks with 3'OH could be present in the long PCR fragments
used as probes, thus creating additional priming sites for TUNEL.
However, the problem of ISL-TUNEL co-labeling was resolved
with the introduction of short hairpin oligo probes, permitting
simultaneous visualization of single-strand and double-strand
DNA breaks at the subcellular level (6, 28, 38).

Although, on its own 7 situ ligation visualizes only double-strand
DNA breaks that are either blunt-ended or possess 3’ overhangs,
when modified, it also permits the selective detection of both
3'—5"and 5'— 3’ exonuclease activities 2 situ, via labeling of 3
and 5’ DNA overhangs of all lengths. We developed this expanded
approach for the purpose of comparative analysis of DNA damage
in apoptosis and necrosis (39). The technique relies on Klenow
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3.2.3. Dual Detection
with T4 Polynucleotide
Kinase Pretreatment

enzyme pretreatment of cells before iz situ ligation. If such
pretreatment is performed in the presence of dNTPs it fills up all
3’ overhangs, converting them into blunt ends. However, when
the pretreatment is done without added dNTPs, it reduces all 5’
overhangs to blunt ends, which can be subsequently detected by
blunt end #7 situ ligation. Colabeling with Klenow polymerase
has expanded the utility of ISL, permitting the detailed study of
DNA damage in situ. Later this method was applied for analysis
of free radical-induced DNA damage (29).

Based on the distribution of hydroxyl and phosphate groups at
the ends of DNA breaks, two types of DNA breaks can potentially
be present in apoptotic cells: 3'OH/5'PO, breaks, generated by
DNase I and DNase I-like nucleases; and 3'PO,/5'OH DNA
breaks with inverted distribution of these chemical groups, pro-
duced by DNase II and DNase II-like nucleases (40—-42).

TUNEL and in situ ligation can visualize only 3'OH/5'PO,
breaks. These techniques cannot detect DNA fragmentation pro-
duced by nucleases generating 3' PO, /5’ breaks, because the TdT
enzyme used in TUNEL does not react with 3' PO, ends and T4
DNA ligase in the ligation assay is unable to attach the probe to
5'0OH ends in DNA (43, 44).

Therefore, several protocols were developed in our labora-
tory for selective in situ labeling of double-strand DNA breaks
with terminal 5'OH groups. The earliest of these procedures
was a modification of the standard #» situ ligation approach
using a T4 kinase-based conversion of the breaks (45). The assay
permitted fluorescent detection of 5’ hydroxyl-bearing double-
strand breaks with blunt ends or short one to two base long 3’
overhangs.

The technique is based on the conversion of 5" hydroxyls into
5" phosphates with the help of the enzyme T4 polynucleotide
kinase and their subsequent detection by iz situ ligation. The
procedure is performed in three stages. In the first stage, the
unlabeled hairpin oligonucleotides are ligated to the section,
blocking available 5 phosphates, which may be present on the
ends of DNA as a result of DNase I type nuclease activity. In the
second stage, phosphate groups are added to the 5'OH ends by
T4 polynucleotide kinase. In the third stage, an iz situ ligation
reaction is performed again using the hairpin probes.

The assay can be modified to simultaneously visualize both 5’
phosphates and 5’ hydroxyls using two different fluorophores. In
this case, biotinylated hairpin probes (instead of unlabeled hair-
pins) are used in the first and third stages of the labeling reaction
and visualized using different fluorophores. This double-detection
assay (45), although highly useful, is time-consuming and we
later substituted it with a much faster technology which uses
vaccinia topoisomerase I (TOPO) (46, 47).
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The vaccinia topoisomerase-based technique is a close relative of
in sitn ligation, and can be combined with ISL in a dual-detection
procedure. First introduced in 2004 (46), combined staining
using TOPO and ISL permits codetection of DNA breaks with
5'0OH and 5’ phosphate groups. In this regard, it is similar to the
T4 kinase approach discussed above. However, the TOPO-ISL
labeling is much faster and simpler. Its convenience resulted in a
new dual-detection kit from Millipore (ApopTag® ISOL Dual
Fluorescence Kit), combining these two techniques.

The possibility of combining ISL. with immunohistochemical
detection was demonstrated in the first paper introducing the
ligase technology (4). The paper showed that no false signal was
generated in ISL even after prolonged heating of tissue sections
during antigen retrieval, which is often needed for immunohis-
tochemistry. The result was advantageous as compared to
TUNEL, which produces intense artifactual staining in sections
heated for antigen retrieval. Soon the dual detection approach
combining ISL with antibody immunohistochemistry was tested
by others and found useful (48). The codetection of DNA-based
apoptotic markers and various protein-based targets has been
reported in several publications (18, 20, 21, 49).

4. Advantages
and Limitations
of the ISL
Methodology

It is clear that the ISL reaction gives researchers of apoptosis a
valuable weapon in their arsenal to study this important cellular
process. Probably, the first contribution of this technology was
the clear realization of the imprecise and nonspecific nature of the
widely-used TUNEL technique and other polymerase-based
approaches, which in some situations provided overestimated
numbers of apoptotic cells because they labeled other processes.
This reinforced the necessity to use morphological and immuno-
histochemical verification of apoptosis when labeling it via detection
of DNA breaks. Understandably, it resulted in a need to use the
same strict verification standards in case of ISL too. Several studies
addressed this issue and compared ISL with other apoptosis assays
for specificity of apoptosis detection and its discrimination from
necrosis.

Possibly, the first study which specifically evaluated ISL
appeared in 1998 (48). It used ISL with PCR-derived probes,
TUNEL, and immunohistochemical costaining. The study con-
cluded that iz situ DNA ligation was superior to TUNEL and, in
association with immunohistochemistry, could readily distinguish
apoptosis from necrosis, making it an attractive technique for
discriminating these processes.
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Since then, various ISL modifications and all three types of
ligation probes were tested in many studies. For example, apop-
tosis detection by using ISL. (PCR-derived probe), TUNEL,
antibody-based labeling of single-stranded DNA and PARP-1
were compared (50). PARP-1 detection was chosen because this
enzyme is a well-known target of the caspase protease activity
associated with apoptosis. The study concluded that ISL and anti-
body-based single-stranded DNA detection, but not TUNEL,
closely correlated with PARP-1 expression. Moreover, ISL and
single-stranded DNA labeling were significantly more specific for
apoptosis than TUNEL. The paper noted that, in contrast to T4
DNA ligase, the TUNEL assay stained cells marked by antibodies
against proliferation marker Ki-67 or the splicing factor (SC-35),
indicating false positivity. ISL did not stain these same cells (50).
This confirmed the earlier work which first noted that cell prolif-
eration, RNA synthesis, and splicing interfere with apoptosis
detection by TUNEL (51).

In another work, which used the model of neonatal rat hypoxia-
ischemia, the spatial and temporal activation of caspase-3 was cor-
related with three different markers of DNA damage (ISL, TUNEL
and monoclonal antibody against single-stranded DNA) and with
the loss of a neuronal marker, microtubule-associated protein 2
(52). The study demonstrated that ISL staining with “looped” 3’
dA overhang hairpin probe (HPP) produced the best correlation
with apoptotic caspase-3 activation. The same group later expanded
their data by employing a slightly different set of approaches for
apoptosis and DNA damage detection: Hoechst dye staining,
TUNEL, and ISL with “looped” hairpin probes. In series of dual-
and triple-staining experiments these techniques were combined
with codetection of apoptosis-inducing factor (AIF), which trig-
gers apoptosis in a caspase-independent manner (18).

Yet other research group compared TUNEL, ISEL (in situ
end-labeling by Klenow polymerase), and ISL using “loopless”
hairpins (ISOL). This group studied apoptosis of cardiomyocytes
in explanted and transplanted hearts. It concluded that, in contrast
to ISL, both TUNEL and ISEL had low specificity in this model.
This drawback led to a high prevalence of false-positive results in
myocardial studies and was exacerbated by the extreme care
required in tissue processing for both these methods (22). While
the study confirmed that the ISL assay detected apoptotic cells in
a positive control specimen (involuting rat mammary gland), they
found that the number of true apoptotic nuclei in all the hearts
under study was extremely low. Indeed this is to be expected,
based on the fact that apoptosis in mature organs is typically very
low and also that the phase of apoptosis when DNA is actively
undergoing cleavage by nucleases is very brief. Thus, one always
should have a high degree of skepticism in accepting frequencies
of apoptotic cells under normal and pathological conditions.
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It is gratifying to see that many other groups, unaffiliated
with the authors, have independently concluded that ISL is a
more specific and sensitive approach for apoptosis detection, sur-
passing a variety of other iz situ techniques. Although, the pros
and cons of these different assays for apoptosis detection are now
well-known (27, 28, 33-36, 53), nevertheless it would be true to
say that ISL has not replaced TUNEL and other assays.

Quite the opposite, an assortment of multiple techniques is in
current use for detecting apoptotic cells. Often this is done by
combining several approaches in costaining. Such multiassay
codetection compensates for the limitations of individual tech-
niques. The most popular combinations include ISL performed
in complex with TUNEL, active caspase-3 detection or other
apoptosis-related antibodies, and electron microscopy. These
multiangle assessments have now become standard in delineating
contributions of apoptosis and necrosis in various systems.

For the sake of example, we can mention just some of the
multi-technique approaches found in the literature. The combi-
nations included ISL, TUNEL, nuclear morphology, and immu-
nostaining for p53 and p21 (25); or ISL, TUNEL, H&E staining,
and determination of DNA laddering by electrophoresis of labeled
DNA (17); or the multitude of other groupings of techniques, all
containing ISL (18, 26, 38, 39, 50, 52, 54).

In recent years, a new generation of methods aiming to detect
apoptosis iz vivo was introduced and tested (see other chapters in
this volume). In an interesting application of the technique, ISL
labeling was used as part of dual n situ—in vivo labeling of apop-
tosis. It was employed for verification of iz vivo detection by (12°1)
Annexin V. The degree of thymic apoptosis was codetermined in
the same animals at 6 and 11 h after a single administration of
dexamethasone by using two techniques: iz vivo detection by
radioactive Annexin V and i situ labeling by ISOL (55). In situ
ligation demonstrated a 62- and 90-fold increase of the apoptotic
index in thymic cortex at 6 and 11 h. Instead, the Annexin
V-based signal fluctuated. It significantly decreased at 6 h and
increased only 1.4-fold by the 11 h time-point. The study con-
cluded that the specificity of the apoptotic signal provided by iso-
topic methods #z vive would always require confirmation by
complementary #z vitro techniques that verify the assessment of
ongoing apoptosis accurately.

Are there limitations to the assay and reasons why it has not
been used more often? In common with the TUNEL assay, ISL
depends on the detection of DNA strand breaks. Like the TUNEL
assay, it cannot be used as a sole method for apoptosis measure-
ment. It is necessary to have other biological information to indi-
cate that apoptosis is expected in the biological specimens being
examined. Unfortunately, too often the TUNEL assay is used as
proof of apoptosis, whether or not it is anticipated for other
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reasons. However, when apoptosis is well-established to occur in
the tissue under the experimental circumstances being used, either
the TUNEL or ISL assays will give equivalent results. For this
reason, it is easy to understand why the familiar TUNEL assay has
maintained its popularity.

Unlike the TUNEL assay, ISL is more specific for apoptosis
versus other causes of DNA strand breaks, such as repairable DNA
damage or necrosis. Thus, its particular usefulness is under exper-
imental conditions where both apoptosis and other causes of
DNA strand breaks are either simultaneously present or else both
likely to occur. For example, in many pathophysiological circum-
stances of damage to organs, both apoptosis and other damage
may be expected. The judicious use of the ISL methodology, in
conjunction with other biochemical or cell biological assays, will
enable the investigator to reliably determine the true extent of
apoptosis present.

Interestingly, we noticed some “favorite” scientific fields where
the popularity of ISL is much higher than in others. This refers to
the fields of molecular cardiology and neuroscience. ISL was par-
ticularly attractive for these fields because they deal with terminally
differentiated and highly specialized cells. The ligation technique
is well-suited for apoptosis detection in heart and brain cells. In
these organs, detection of apoptosis is most challenging and the
existing methods, such as TUNEL, are often insufficient and do
not provide clear answers about its extent or even existence.

The limitations of the assay stem from the fact that, strictly
speaking, ISL is not an apoptosis or necrosis detection technol-
ogy, but a technique labeling a specific subset of DNA breaks. On
the strong side, the validity of these specific DNA breaks as apop-
tosis markers is well-established. In fact this type of DNA damage
is considered more characteristic for apoptosis than any other
DNA-based marker. However, as with any other biological
marker, it is far from being absolute and always requires cautious
interpretation.

5. Current Status
and Perspectives
of the ISL
Methodology

In the decade and a half since the development of the original
PCR-based assay, and its subsequent derivatives based on use of
modified oligonucleotides, the assay has been used in a large
number of publications. It is difficult to estimate the total number
with great accuracy, because many articles have used the commer-
cially available ISOL kits (now sold by Millipore Corporation)
without citation of the original publications, precluding citation
analysis as an accurate way of determining the popularity of the
assay. However, based on search engine results, we can determine
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that the assay has been used in at least several hundred publications.
The assay has been adopted by many groups as an alternative
to the still hugely popular TUNEL assay. The reasons appear to
be those that initially stimulated us to devise the ISL assay: the
specificity of the assay for apoptosis versus various other forms of
DNA damage.

However, ISL is more than just a sensitive assay for apoptosis
detection. The distinctive feature of this assay is its unique selec-
tivity for a single molecular target. Unlike other enzymatic in situ
approaches, such as TUNEL or ISEL, ISL specifically detects
only a single type of DNA breaks. Depending on the ligated
probe end, it detects only blunt-ended or 3’ staggered DNA
breaks with terminal phosphates. Moreover, as we demonstrated,
the ISL’s range of detection targets can be expanded to include
other characteristic types of DNA breaks. This makes the ligase-
based approach a valuable tool for studying a variety of cellular
events beyond apoptosis and necrosis. These future new fields of
application could include studies in DNA recombination, repa-
rable DNA damage, free radical biology, cell growth, and aging.

A necessary prerequisite for such a technique expansion is the
increased sensitivity of DNA breaks detection. This is because
much lower numbers of DNA strand breaks, up to a single break
per cell, are expected in viable, non apoptotic cells which undergo
other processes, such as V(D)J recombination or low-level irra-
diation (56). However, if needed, the intensity of the probe signal
can be increased to levels approaching the detection of individual
DNA breaks. This can be accomplished by using enzymatic ampli-
fication postligation, as we discussed (28). This will ultimately
permit detection of solitary or very rare DNA breaks. The practi-
cal work in this direction has already started and, we hope, will
bring about important new insights.

6. Notes

1. Because the substrate for apoptotic nucleases is DNA in chro-
matin, not naked DNA, specific double-strand break struc-
tures are predicted to occur. Specifically, double-strand breaks
with single 3" overhangs are a signature for apoptotic DNA
cleavage (4).

2. At the time of these experiments, there were already many
indications that the TUNEL assay was not very specific for
apoptosis. Other studies had suggested that necrotic cells
stain positively in the TUNEL assay (33, 35).

3. As a historical note, we developed the ISL method not by
using the ligation-mediated PCR example, but instead based
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on a more general consideration of adapting common molecular
biology techniques to iz situ detection. However, indepen-
dently a PCR-based method was developed for biochemical
detection of double-strand breaks in apoptotic cell DNA (57).

. In the first type of oligonucleotide that we designed, we

retained a single A 3' overhang as found in Taq polymerase-
derived PCR products. The loop contained 5 deoxyuridine
derivatives labeled with biotin. We also used a blunt-ended
probe. Although the probe with a 3’ overhang is probably
more specific and was used most, its signal is also weaker as
compared with the blunt-ended hairpin. In sum, both types
of probes can detect apoptotic cells (4, 6, 39); the choice of
which to use is best determined empirically in the biological

system under investigation.
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Chapter 6

In Situ Ligation Simplified: Using PCR Fragments
for Detection of Double-Strand DNA Breaks
in Tissue Sections

Viadimir V. Didenko

Abstract

The simplified iz situ ligation procedure is described. All reagents for the assay can be easily obtained in
any molecular or cell biology laboratory. The technique uses ligation of double-stranded, PCR-derived
DNA fragments labeled with digoxigenin or fluorophores for highly selective detection of apoptotic cells
in paraffin-embedded tissue sections. Two types of DNA fragments prepared by PCR are employed. The
fragment synthesized by Taq polymerase contains single-base 3" overhangs, whereas the Pfu polymerase-
made fragment is blunt ended. Both fragments can be used as specific, sensitive and cost-effective DNA
damage probes. After ligation to apoptotic nuclei in tissue sections, they indicate the presence of double-
strand DNA breaks with single-base 3’ overhangs as well as blunt ends.

Key words: Blunt-ended DNA breaks, Double-strand DNA breaks, Single-base overhangs, PCR frag-
ments, Apoptosis detection, DNA damage detection, In situ labeling, In situ ligation, Tissue sections

1. Introduction

The in situ ligation technique is often used for specific labeling
of apoptotic cells in tissue sections. The technique employs the
enzyme T4DNA ligase for the attachment of oligoprobes to
the ends of double-strand DNA breaks in fixed cells (1-3).
These probes are hairpin-shaped oligonucleotides bearing a single
fluorophore or biotin. During labeling of DNA breaks, a single
fluorophore is placed at the end of each break. The sensitivity of
such labeling, when using a nonconfocal fluorescent microscope
for observation, is approximately 45,000 FITC molecules in the
area occupied by a nucleus 0.01 mm in diameter (4). This is suf-
ficient for labeling apoptotic cells because the amount of breaks

Vladimir V. Didenko (ed.), DNA Damage Detection In Situ, Ex Vivo, and In Vivo: Methods and Protocols,
Methods in Molecular Biology, vol. 682, DOI 10.1007/978-1-60327-409-8_6, © Springer Science+Business Media, LLC 2011
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in apoptosis rises from about 50,000 per genome, at the initial
high molecular weight DNA degradation at the earliest stages of
apoptosis, to 3 x 10° during the later internucleosomal DNA frag-
mentation stage (5). Consequently, the molecular probes, which
carry a single fluorophore per probe, permit visualization of the
full spectrum of breaks present in apoptosis from the initial early
stage, to the massive DNA cleavage stage.

However, probes with a signal which is orders of magnitude
higher than that of hairpin-shaped oligos would be advantageous
in several cases. This refers to the described instances where apop-
tosis occurs with very few DNA breaks, and to cases where small
numbers of apoptotic cells are present in a tissue. Probes with
stronger signal can definitively visualize even solitary apoptotic
cells, including those at the earlier stages of apoptosis.

One way to increase the intensity of signal is by placing mul-
tiple tags into each iz situ ligation probe. This can be accom-
plished by using PCR-derived probes instead of hairpin probes.
The additional attractive feature of these probes is that they are
inexpensive and can be easily produced when needed in any
molecular biology laboratory.

PCR-derived probes were introduced in our first paper
describing 7 situ ligation (6). We used 226-bp double-stranded
DNA fragments containing digoxigenin or Texas Red to label
DNA breaks. In our subsequent work, we also used longer 460-bp
probes and a variety of fluorescent and conventional labels.

Soon thereafter, we introduced a different type of probe
based on hairpin-shaped oligonucleotides, but the PCR-based
probes still remained popular (7-10). There are several reasons
for this popularity. The probes are very sensitive, easy to produce
and very inexpensive. Here, we present the detailed protocol for
their generation and application for apoptosis detection in the
tissue section format.

Generally, two forms of double-stranded PCR-derived DNA
fragments are used as probes for 2 sitn ligation. A Taq polymerase-
synthesized fragment has single-base 3’ overhangs, whereas a Pfu
polymerase-synthesized fragment has blunt-ends. Both types of
fragments can be ligated to DNA breaks in apoptotic nuclei, indi-
cating in such nuclei the presence of double-strand DNA breaks
with either single-base 3" overhangs or blunt ends.

Compared to hairpin probes, the PCR-labeled fragments
generate a much stronger signal. This signal is proportional to the
probe length because longer probes contain higher numbers of
labeled nucleotides.

A wide range of PCR probes was successfully used by different
laboratories. PCR fragments as short as 146 bp (9, 11) and as long
as 441 bp (12) were all successfully employed. Our initial PCR
probes were 226 bp-long (6) and, in most cases, the PCR probes
used in other laboratories stayed close to 200 bp. Some examples
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include PCR probes of 174 bp (13, 14); 200 bp (10) and 245 bp
(7,8, 15), etc. This is because the much longer probes are imprac-
tical as they can break during purification and storage, producing
smaller fragments with nonspecific configurations of ends.

In general, digoxigenin-11-dUTP or biotin-dUTP are incor-
porated with high efficiency if the ratio of substituted-dUTP to
dTTP in the labeling mixture is 1:2 (16). Therefore, usually ~35%
of a dTTP in the PCR reaction mix is substituted by its tagged
analog. This is expected to translate into the substitution of ~35%
of thymidines in our 226-bp probe by tagged nucleotides and
would result in the insertion of 26 tags.

In this chapter, we present the #n sitw ligation procedure
which uses PCR-derived probes for detection of two types of
DNA breaks in fixed tissue sections. We also present the PCR
protocols for probes preparation. The described probes are appli-
cable for fluorescence and conventional detection of both blunt-
ended DNA breaks and breaks with 3’ overhangs for selective
labeling of apoptotic versus necrotic cells (6).

2. Materials

2.1. PCR Probe
Preparation and
Labeling (see Note 1)

1. PCR primers. Dissolve in distilled water to 100 pmoles/uL.

Primer 1 — (27-mer): 5'-GCT GGT CTG CCG CCG TTT
TCG ACC CTG-3

Primer 2 — (21-mer): 5-TGG CCT GCC CAA GCT CTA
CCT-3'

2. TE buffer: 10 mM Tris—HCI, pH 7.5, 1 mM EDTA.
3. Uncut pBluescript-bSDI 1 plasmid (see Note 1).
Dissolve in TE to 100 pg/uL (see Note 2).
4. Pfu DNA polymerase 2.5 U/ uL (Stratagene, La Jolla, CA).
5. Tag DNA polymerase 5 U/uL (Invitrogen, Carlsbad, CA).

6. 10x buffer for Pfu polymerase (Stratagene, La Jolla, CA):
200 mM Tris-HCI, pH 8.8, 100 mM KCl, 100 mM ammo-
nium sulfate, 20 mM MgSO,, 1% Triton X-100, 1 mg/
mL BSA.

7. 10x buffer for Taq polymerase: 100 mM Tris-HCI, pH 8.35,
500 mM KCI.

8. 8.25 mM MgCl, stock solution.

9. Digoxigenin-11-dUTP (1 mM) (Roche Molecular Bio-
chemicals, Indianapolis, IN) (see Note 3).

10. dATP, dGTP, dCTP, dTTP in separate vials 100 mM stock
solutions (Roche Molecular Biochemicals, Indianapolis, IN).
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2.2. In Situ Ligation
in Tissue Sections

11.

12.
13.
14.
15.

1.

Make 20x dNTPs-dig-dUTP labeling mix containing 1 mM
dATP; dGTP, dCTP; 0.65 mM dTTP, 0.33 mM digoxigenin-
11-dUTP (see Note 4). Store at -20°C.

High Pure™ PCR Product Purification Kit (Roche Molecular
Biochemicals, Indianapolis, IN).

Agarose.

Ethidium bromide at 0.5 pg/mL.
Spectrophotometer.

PCR cycler.

The 5-6 um-thick sections cut from paraformaldehyde-fixed,
paraffin-embedded tissue blocks onto ProbeOn™ Plus charged
and precleaned slides (Fisher Scientific, Pittsburgh, PA). Other
slide brands can also be used if they retain tissue well.

2. Xylene.

. 80 and 96% Ethanol.

4. T4 DNA ligase 5 U/uL (Roche Molecular Biochemicals,

11.

12.

Indianapolis, IN) (see Note 5).

. 10x reaction buffer for T4 DNA ligase: 660 mM-Tris—-HCI,

50 mM MgCl, 10 mM dithioerythritol, 10 mM ATD,
pH 7.5 (20°C) (Roche Molecular Biochemicals, Indianapolis,
IN) (see Note 6).

. 30% (w/v) solution of PEG-8000 (Sigma, St. Louis, MO) in

bidistilled water (see Note 7).

. 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,
prepared from the stock. Do not reuse (see Note 8).

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

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

. Washing bufter: 100 mM Tris—-HCI, pH 7.5, 100 mM NaCl.
10.

Blocking solution: 10% sheep serum in 100 mM Tris—-HCI,
pH 7.5, 100 mM NacCl.

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 pro-
blem, then 1-Step NBT/BCIP plus Suppressor can be used.
This substrate formulation additionally contains 1 mM levam-
isole 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,
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conjugated with alkaline phosphatase for the detection of
digoxigenin-labeled compounds.

22x22 mm or 22 x40 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.

15.
3. Method
3.1. Preparation 1.
of PCR-Labeled
In Situ Ligation Probes
Containing

3'A-Overhangs

Set up the PCR reaction mix in thin-wall PCR tubes on ice
(100 uL volume):

Combine in this order:

75 uL — distilled water

10 uLL — 10x bufter for Taq polymerase

6 uL — MgCl, (25 mM stock) (1.5 mM final concentration)

5 uL — 20x dNTPs-dig-dUTP labeling mix (final concentra-
tions dA, dC, dG - 50 uM, dT - 32.5 uM, dig-dUTP -
16.5 uM) (see Note 4)

1 pL - pBluescript-bSDIlplasmid (10-100 pg/uL) (see
Note 2)

1 pLL — Primer 1 (100 pmoles/uL)
1 uL — Primer 2 (100 pmoles/uL)
1 uL — Taq polymerase (2.5 U/uL)

. Perform PCR labeling for 40 cycles using the following cycle

profile

95°C-20s

61°C-20s

74°C - 2 min

Postamplification extension at 74°C — 5 min
Store at 4°C.

. Take 2 pL from the PCR reaction mix and run on a 1% aga-

rose gel to verify successful labeling

. Purity using High Pure™ PCR Product Purification Kit.

Elute in 50 uL TE (see Note 9). Store at —20°C. This solu-
tion can be directly used for iz situ labeling

. Measure probe concentration using spectrophotometer.

Dilute in TE to 0.5 pg/uL
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3.2. Preparation

of PCR-Labeled
Blunt-Ended Probes
for In Situ Ligation

3.3. In Situ Ligation
in Tissue Sections

. Set up the PCR reaction mix in thin-wall PCR tubes on ice

(100 pL volume):

Combine in this order:

81 uL — distilled water

10 pL — 10x bufter for Pfu polymerase

5 uL — 20x dNTDPs-dig-dUTP labeling mix (final concentra-
tions dA, dC, dG - 50 uM, dT - 32.5 uM, dig-dUTP —
16.5 uM) (see Note 10)

1 uL — pBluescript-bSDI1plasmid (10-100 pg/uL) (see
Note 2)

1 uL — Primer 1 (100 pmoles/pL)
1 pL — Primer 2 (100 pmoles/uL)
1 uLL — Pfu turbo polymerase (2.5 U/uL)

. Perform PCR labeling for 40 cycles using the following cycle

profile

Postamplification extension at 74°C — 5 min
Store at 4°C

95°C-20s
61°C-20s
74°C — 2 min

. Take 2 pL from the PCR reaction mix and run on a 1% aga-

rose gel to verify successful labeling

. Purify using High Pure™ PCR Product Purification Kit.

Elute in 50 pL. TE (see Note 9). Store at —20°C. This solu-
tion can be directly used for in situ labeling

. Measure probe concentration using spectrophotometer.

Dilute in TE to 0.5 pg/uL

. Place the sections in a slide rack and dewax in xylene for 15 min,

transfer to a fresh xylene bath for an additional 5 min.

. Rehydrate by passing through graded ethanol concentrations:

96% Ethanol — 2x5 min; 80% Ethanol - 5 min;
water — 2 x5 min.

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

solution per section. Incubate for 15 min at room tempera-
ture in a humidified chamber (see Note 11).

4. Rinse in distilled water for 4 x2 min.

. Apply 100 pL per section of the preincubation solution.

Incubate for 15 min at room temperature (23°C). The prein-
cubation solution consists of a 1x T4 DNA ligase reaction
buffer supplemented with PEG-8000 to the final concentration



In Situ Ligation Simplified: Using PCR Fragments for Detection of Double-Strand DNA 71

10.

11.

12.

of 15%. It contains 66 mM Tris—-HCI, pH 7.5, 5 mM MgClL,
1 mM dithioerythritol, 1 mM ATP, and 15% polyethylene
glycol (see Note 12).

. Aspirate the preincubation solution and apply the full ligase

reaction mix with the probe (750 ng/uL stock) and T4 DNA
ligase (see Notes 13 and 14).
In situ ligation labeling solution (20 pL per section):
Prepare on ice in this order:
6 uL — bidistilled water.
10 uLL — PEG8000 (30% stock solution).
2 uL — 10x butfer for T4 DNA ligase.
1 uL — PCR labeled probe (0.5 pg/ul) (for smaller sections
can be 0.5 uL).
1 uL — T4 DNA ligase (5 U/uL) (see Note 5).
The total volume of the labeling solution can be scaled up to
accommodate bigger sections.
Incubate overnight at room temperature (23°C) (see
Note 15) in a humidified chamber with a plastic coverslip.
The incubation time can be reduced to 4 h, if a faster detec-

tion is needed, this, however, decreases the signal and has to
be compensated by longer color development.

. Remove coverslips by gently immersing the slides vertically in

a Coplin jar containing water at room temperature. Then
wash sections 3 x 10 min in distilled water.

. Apply 100 pL per section of the blocking solution. Incubate

for 15 min at room temperature (23°C) in humidified cham-
ber. The blocking solution contains 10% sheep serum in
100 mM Tris-HCI, pH 7.5, 100 mM NaCl.

. Aspirate the preincubation solution and apply 50 puL per

section of solution of anti-digoxigenin antibody — alkaline-
phosphatase conjugate diluted 1:100 in the blocking solution.
Incubate 10 min at room temperature (23°C) in humidified
chamber.

Wash 2x10 min in 100 mM Tris-HCI, pH 7.5, 100 mM
NaCl.

Apply 1-Step™ NBT/BCIP substrate solution for alkaline
phosphatase. Keep in dark. Monitor color development. The
color usually develops in 5-20 min.

Stop reaction by rinsing sections in water. Add water-soluble

mounting mediasuch as Aqua-Mountor ImmunoHistoMount
and coverslip.
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4. Notes

1. This protocol describes Taq and Pfu polymerase-based label-

ing of 226-bp fragments, used as iz situ ligation probes. The
fragment is amplified from pBluescript-bSDI 1 plasmid,
which can be obtained from Dr. Peter Hornsby, San Antonio,
TX but almost any other plasmid or a DNA fragment, for
which appropriate primers are available to amplify a 200-500
bases-long fragment, can be used instead.

. Although the pBluescript-bSDI1plasmid is, possibly, the most

used and tested template for preparation of the PCR-derived
probes for in situ ligation (6, 17-21), other commercially-
available plasmids can be used instead with similar results.
The examples of the plasmids and primers used by other labo-
ratories include.

(a) Bluescript IT KS*/~ (Stratagene, La Jolla, CA) with prim-
ers complementary to the T3 and T7 promoters in the
multicloning site, resulting in 146 bp probes (9, 11).

(b) pOCMEIB plasmid with primers 5-ATGCTCTTCA
GTTCGTGTGT-3" and 5'-CTGACTTGGCAGGCT
TGAGG-3' amplifying 174 bp fragment (13, 14).

(¢) pBK-CMV plasmid (Stratagene, La Jolla, CA), as a source
of'a 200-bp DNA fragment corresponding to its multiple
cloning site (10).

(d) pBluescript SK(-) plasmid with primers 5'-CTCATAG
CTCACGCTGTAGG-3" and 5-AGTGTAGCCGTA
GTTAGGCC-3" amplifying a 245 bp fragment (7, 8, 15).

(e) pBluescript SK(-) plasmid with primers 5'-TCGAG
GTCGACGGATTCGATG-3" and 5'-CCGCTCTAGA
ACTAGTGGATC-3" amplifying a 441 bp fragment (12).

. Texas Red-12-dUTP, FITC-12-dUTDP, biotin-dUTP and

other modified nucleotide analogs can be used instead.
However, sometimes probes labeled with these tags had
higher background staining. In our experiments, the probes
labeled with digoxigenin-11-dUTDP were less prone to non-
specific background staining.

. We found that significantly more labeled nucleotides can be

inserted into the synthesized fragment during the Taq-driven
PCR labeling when different formulations of dANTPs mixes
are used. The successtul labeling occurs when the concentra-
tion of digoxigenin-11-dUTP in the mixes is kept constant
and is 16.5 UM, whereas, concentration of dTTP is reduced
from the commonly used 32.5-24.5 uM or to 16.5-8 uM or
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even to 0 uM. In the last case, every dTTP in the PCR fragment
is substituted by digoxigenin-11-dUTP. With our PCR frag-
ments the efficiency of PCR labeling reaction was not visibly
aftected in all of these cases. Using FITC-12-dUTP instead of
digoxigenin-11-dUTP in this reaction had similar results.

Although the fragments generated in these PCR reac-
tions contain more tags, it is untested whether they produce
stronger signal as probes. This is due to the possibility of
steric hindrance or, in case of fluorophores, of self-quenching,
preventing detection of the closely-located labels.

. T4 DNA ligase in lower stock concentrations (1 U/uL) can

also be used. The labeling reaction is only marginally less effi-
cient at lower concentrations of ligase in labeling solution
(125-250 U/mL). However, the highly concentrated
(5 U/uL) (Roche Molecular Biochemicals, Indianapolis, IN)
ligase preparation gives the best signal.

. ATP in the ligase reaction bufter is easily destroyed in repeti-

tive cycles of thawing-freezing. Aliquot the buffer in small
15-20 pL portions and store at -20°C. Use once.

. 15% PEG-8000 in the ligation mix strongly stimulates the

ligation reaction increasing the effective concentrations of
the probe and ligase by volume exclusion (22). Use water of
the highest quality for all solutions, which come in contact with
T4 DNA ligase. If nonspecific background staining is a prob-
lem, reducing PEG concentration or complete elimination of
PEG from labeling solution significantly reduces nonspecific
signal. However, it also weakens the labeling reaction.

. Proteinase K is a very stable enzyme, when stored at concen-

trations higher than 1 mg/mL. However, autolysis of the
enzyme occurs in aqueous solutions at low concentrations

(~10 pg/mL) (23).

. If not purified, the probe is prone to producing background

staining.

We found that significantly more labeled nucleotides can be
inserted into the synthesized fragment during the Pfu-driven
PCR labeling when different formulations of dNTPs mixes
are used. The successful labeling occurs when the concen-
tration of digoxigenin-11-dUTP in the mixes is kept con-
stant and is 16.5 uM, whereas concentration of dTTP is
reduced from the commonly used 32.5-24.5 uM or to
16.5-8 uM or even to 0 uM. In the last case, every dTTP in
the PCR fragment is substituted by digoxigenin-11-dUTP.
With our PCR fragments the efficiency of PCR labeling
reaction was not visibly affected in all of these cases. Using
FITC-12-dUTP instead of digoxigenin-11-dUTP in this
reaction had similar results.
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ligatable because T4DNA ligase can only ligate the 5'PO,
end of one probe to the 3'OH of another (22).

Lowering of the temperature to 16°C reduces the signal; a tem-
perature increase to 37°C completely eliminates the signal.
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Chapter 7

5'0H DNA Breaks in Apoptosis and Their Labeling
by Topoisomerase-Based Approach

Viadimir V. Didenko

Abstract

Recently, the concept of apoptotic cell elimination was expanded and programed cell death is no longer
viewed as an individual cellular event. The complete description of the apoptotic process now includes
two phases: the self-driven cell disassembly and the externally-controlled elimination of apoptotic cell
corpses by phagocytizing cells. The second, phagocytic phase is essential, highly conserved, and is even
more important than the internal phase of cell disassembly. This is because it ensures the complete deg-
radation of the dying cell’s DNA, preventing the release of pathological, viral and tumor DNA, and self-
immunization. In different cells and species from mammals to flies, a single conserved enzyme — DNase
IT is responsible for the elimination of cellular DNA in the second “mopping up” phase of apoptosis.
Here, we present an assay for the selective detection of the phagocytic phase of apoptosis. The technol-
ogy capitalizes on the fact that phagocytic DNase II produces identifiable signature DNA breaks, which
can be labeled by vaccinia topoisomerase. The assay permits labeling of the previously underestimated
phase of apoptotic execution and is a useful tool in the apoptosis detection arsenal.

Key words: Apoptosis labeling, DNA breaks, In situ detection, Vaccinia topoisomerase I, DNase
II-type breaks, Blunt-ended DNA breaks, 5’OH DNA breaks; phagocytizing cells, Apoptotic cell
corpse elimination

1. Introduction

1.1. Cell-Autonomous Based on their role in cell corpse elimination, all apoptotic nucleases
and Lysosomal are divided into two categories: cell-autonomous and waste-
(Phagocytic) management nucleases (1). These two groups of nucleases have
Nucleases in very different functions. Cell-autonomous nucleases cleave the DNA
Apoptosis within a cell as it undergoes apoptosis. The lysosomal (phagocytic)

nucleases take part in the engulfment-mediated DNA degradation —
the “cleaning up” of corpses of cells that have died by apoptosis.
While cell-autonomous DNA degradation is important for carrying

Vladimir V. Didenko (ed.), DNA Damage Detection In Situ, Ex Vivo, and In Vivo: Methods and Protocols,
Methods in Molecular Biology, vol. 682, DOI 10.1007/978-1-60327-409-8_7, © Springer Science+Business Media, LLC 2011
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1.2. DNase I- and
DNase II-Types
of DNA Breaks

out an individual cell death program, the waste-control nucleases
are essential for the life of other cells in the organism. The proper
disposal of postapoptotic corpses is critically important because their
uncleaned debris pose danger to other cells (1).

Even though the cell-autonomous nucleases are important,
they are dispensable in many cell types. This is because in the organ-
ism, after a cell has died, its corpse is destroyed and engulfed by
other cells. Therefore, even if a cell has not degraded its own DNA,
its neighbors will do it instead. However, there is no such “plan B”
in the case of waste-management nucleases. If they fail to clean the
corpses, the organism would be poisoned with nondegraded DNA.
Thus, lysosomal nucleases are essential for life (1, 2).

Tissue section assays which can label the activity of these two
categories of enzymes permit comprehensive imaging of apop-
totic degradation.

Here, we present an assay which labels the phagocytic phase
of apoptosis, i.e. phagocytosis of DNA from apoptotic cell corpses
by the “mop up” cells. The assay addresses the challenges created
by a very recent shift in the apoptotic paradigm which now views
apoptosis not as a “private matter” of a dying cell, but as a broad
reaction analogous to the immune response, continuing beyond
the individual cell program and requiring the participation of
other specialized cells (1, 3). The assay takes into consideration
this novel broad perspective of programed cell death which is nec-
essary for better understanding of apoptosis-related pathologies.

The technology capitalizes on the fact that phagocytic nucle-
ase activities in apoptosis are highly conserved. They produce
characteristic and highly specific DNA breaks. The assay uses the
enzymatic action of vaccinia topoisomerase I to label signature
DNA breaks produced by waste-management nucleases.

The ability to accurately label apoptotic cells and visualize the
progression of apoptosis in the tissue section format is critical for
many branches of biomedical science. However, the task of choos-
ing an appropriate apoptotic marker is complicated by the fact
that apoptotic pathways are remarkably complex. They not only
vary in difterent cell types and tissues, but can change within the
same cell. Nucleolytic activities are critical for apoptotic disassem-
bly as they degrade cellular DNA, preventing the release of path-
ological, viral and tumor DNA, and self-immunization (1, 3).

Every apoptotic cell goes through sequential steps ensuring
its complete disassembly and disappearance. Massive and system-
atic DNA fragmentation is one of the characteristic features of
this process. Not surprisingly, it is often used as specific marker in
apoptosis detection. When apoptotic DNA is cut, the result is an
abundant amount of DNA fragments. These DNA fragments are
not random. Mainly they possess blunt ends and some have ends
with short, single-nucleotide staggers with one of the strands
protruding slightly (4-6).
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Fig. 1. DNase | type and DNase Il type DNA breaks.

Different functional groups can be present at those ends.
A double-stranded break forms when a DNA duplex is cut
through. It exposes the 3’ and 5 ends of the two DNA strands.
These ends can carry either a phosphate (PO, ) group or a hydroxyl
(OH) group (Fig. 1). The distribution of these groups at the
ends provides important information about the enzyme which
did the cutting.

Based on the distribution of functional groups, the two types
of cuts are identified. The cuts with 3'OH/5'PO, configuration
are DNase I type cuts. The cuts with the inverse distribution
of functional groups — 3'PO,/5'OH, are of DNase II type (7, 8)
(Fig. 1).

The cuts received their names because they match the cleav-
age patterns of the two major nucleases — DNase I and DNase II.
The terms are used for convenience and do not imply any specific
relationship between these enzymes and the apoptotic cutters.
The actual apoptotic nuclease might or might not be related to
DNase I and II.

So far, in the majority of apoptotic cells in mammals, DNase 1
type fragmentation was detected (3'OH/5'PO, at the ends) (1,
9, 10).

DNase II type was detected in many important cases too
(2, 3, 11, 12). Although in general, this type of cleavage is less
prevalent than the self-inflicted apoptotic DNA fragmentation.
The underdevelopment of techniques for the selective labeling of
DNase II type cleavage might have contributed to this situation.
In fact, the enzymatic assays for labeling apoptosis in tissue sec-
tions focus exclusively on DNase I type cleavage.

Different features of DNase I cleavage are used by various
apoptosis assays. For example, the TUNEL assay specifically
detects one marker of DNase I cleavage and labels the 3'OH
groups with the help ofthe enzyme Terminal Deoxyribonucleotidyl
Transferase (TdT) (13). The other assay, iz situ nick translation,
labels nicks or single-stranded DNA breaks with 3'OH using
DNA polymerase I (14). Yet another technique, % situ ligation,
selectively detects double-stranded DNA breaks (10, 15). It relies
on the attachment of double-stranded DNA probes with blunt
ends, or short 3" overhangs, to the ends of such breaks. The liga-
tion reaction is carried out by the enzyme T4 DNA ligase, which
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1.3. Role of DNase Il
in Elimination of
Apoptotic Gell Corpses

needs terminal 5'PO, in the breaks to attach the probe.
Consequently, the assay detects exclusively 5’ phosphorylated
double-stranded breaks and does not label DNase II type
breaks with 5'OH. Therefore, in all of these assays, the cells with
DNase II type cleavage go undetected.

In the meantime, important changes occurred in the very
concept of apoptotic cell elimination which significantly increased
the value of detecting DNase II type breaks. It was demonstrated
that DNase II plays a critical role in apoptosis at a level different
from executioner nucleases.

The apoptotic paradigm has recently changed to incorporate the
notion that the apoptotic process is not an internal cellular event
(1, 3). Instead, it continues beyond the individual cell reaction
and requires the participation of surrounding cells. The complete
apoptotic process now includes two phases: the self-driven cell
disassembly and the externally-controlled elimination of apop-
totic cell corpses by phagocytizing waste-management cells (1).
This externalized waste-control phase is essential, highly con-
served, and is considered to be even more important than the
internal phase of cell disassembly (1, 2, 12). This is because it
ensures complete degradation of the dying cell’s DNA, prevent-
ing the release of pathological, viral and tumor DNA, and self-
immunization (see Note 1).

DNase II plays a fundamental role in engulfment-mediated
DNA degradation during the waste-management phase of apop-
tosis (1, 3). DNase II is present in lysosomes, the sac-like organ-
elles inside cells that contain digestive enzymes that break down
cellular components. The enzyme destroys DNA of apoptotic
cells after their corpses are engulfed by waste-management cells,
such as tissue macrophages and many other tissue cells capable of
phagocytosis.

Consequently, novel approaches for apoptosis detection are
needed which will take this paradigm change into account. Several
attempts were made to accomplish this task.

Initially to resolve this problem, the T4 DNA kinase-based
technique was introduced for the detection of 5'OH bearing
DNA breaks (8). However, in this case, the 5'PO, breaks must be
labeled first so that in the subsequent reaction with T4 DNA
kinase all remaining 5’OH breaks are converted to the detectable
5’ phosphate format. As a result, the approach requires two suc-
cessive overnight labeling reactions with multiple controls, mak-
ing it complicated and time consuming.

We have subsequently developed a new approach for labeling of
5'OH double-stranded DNA breaks. The approach was an oftshoot
of our work in bionanotechnology developing an oscillating nano-
size device, which contained a vaccinia virus encoded protein
linked with a dual-labeled DNA part (16) (also teatured in (17)).
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1.4. Principle
of the Assay (Fig. 2)

The construct exemplified a practical approach to the design of
molecular devices and machines, and illustrated our notion that
nano-size constructs that use mechanisms developed in the evolu-
tion of biological molecules are simpler and uniquely suitable for
nanoscale environments. To make it into a useful assay, we adapted
this development for the practical usage as an oscillating double-
hairpin oligonucleotide probe which uses vaccinia DNA topoi-
somerase I for the simultaneous detection of two specific types of
DNA damage i sitn (16, 18).

However, the later work permitted us to significantly simplify
the assay and make it faster and more cost-effective. The improve-
ments resulted in the development of a new much shorter probe
of a different configuration, which substitutes for the previously
used oscillating double-hairpin. This significantly increased the
speed of detection which now takes only minutes for completion
and makes the assay significantly more robust and more sensitive.

Here, we describe this new and improved technique. The
assay selectively detects blunt-ended DNA breaks with terminal
5'OH groups. It labels the waste-management phase of apoptotic
DNA degradation in tissue sections. This technique takes into
account recent changes in the apoptotic paradigm that views
apoptosis as a broad reaction continuing beyond the individual
cell program and requiring participation of other cells.

The assay uses an oligonucleotide probe and vaccinia DNA topoi-
somerase I. The assay utilizes the unique enzymatic properties of
vaccinia DNA topoisomerase I, which can join two DNA mole-
cules employing a mechanism different from those of ligases. This
enzyme binds to duplex DNA having the CCCTT3' recognition
sequence, and creates a nick at its 3’ end (2). In normal condi-
tions, the enzyme then seals the nick, religating the strand back to
the acceptor DNA end with 5'OH.

In the assay, the topoisomerase CCCTT3' recognition
sequence is located in a hairpin oligonucleotide probe which has
a 12-base-long single-stranded region on its 3’ end. The enzyme
recognition site is positioned at the end of the duplex-forming
part of the probe and on the edge of an unhybridized 12-base
overhang (Fig. 2). When topoisomerase attaches to the probe, it
cleaves the strand just after the recognition sequence. This cuts
the 12-base long part of the oligonucleotide which then perma-
nently separates, leaving vaccinia topoisomerase attached to the 3’
end of the blunt-ended hairpin. Now, the oligonucleotide has a
topoisomerase molecule strongly attached to its 3’ end. It can
label DNase II type breaks because vaccinia topoisomerase I,
which remains bound to the CCCTT motif, will religate the oli-
gonucleotide to a double-stranded DNA break possessing a com-
plementary 5’OH blunt-end. Therefore, the breaks of DNase 11
type are detected specifically and directly.
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Fig. 2. Principle of the assay for DNA damage detection in situ using vaccinia topoi-
somerase |. Vaccinia topoisomerase | (TOPO) binds to the oligoprobe and cleaves it at the
3’ end of the recognition sequence. The TOPO-activated FITC-labeled portion of the
probe then religates to the blunt-ended DNA breaks with 5'0H in tissue section.

The 12-bases overhang on the probe is required because the
enzyme will not cut a shorter strand (19) and will therefore be
unable to attach to the probe and activate its 3’end.

Although the topoisomerase-based assay can be used on its
own, it can also be combined with iz situ ligation. In this case,
the T4 DNA ligase-based assay will label breaks with DNase 1
architecture, bearing 5'PO, groups (Fig. 1). The combined detec-
tion, using both topoisomerase and ligase, is especially informa-
tive in the tissue section format because it can detect both phases
of apoptotic cell disassembly: the self-driven cell disassembly and
externally-controlled elimination of apoptotic cell corpses by
phagocytizing cells. When tested in tissue sections of dexamet-
hazone-treated rat thymus, such a combined assay successtully
detected both the primary DNase I-like cleavage in apoptotic thy-
mocyte nuclei and the DNase II-like breaks in the cytoplasm of
cortical macrophages ingesting apoptotic cells (16, 18).
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The sensitivity of the assay depends on the method of signal
registration and with the right microscope can potentially visual-
ize very small numbers of DNase II-type breaks in individual cells
(see Note 2).

In this chapter, we present the complete protocol for topoi-
somerase-based detection applicable for fixed tissue sections.

2. Materials

1. 5-6 pm-thick sections cut from paraformaldehyde-fixed,
paratfin-embedded tissue blocks. Use slide brands which retain
sections well, such as ProbeOn™ Plus charged and precleaned
slides (Fisher Scientific, Pittsburgh, PA) or similar product.
Apoptotic tissue sections, such as dexamethazone treated rat
thymus are recommended as controls (see Note 3).

2. Xylene.
3. 80% and 96% Ethanol.

4. Oligoprobe 1 was synthesized by IDT (Integrated DNA
Technologies, Inc., Coralville, IA). However, it can be
synthesized by many commercial oligonucleotide produc-
ers. PAGE or HPLC purification is recommended. Dilute
with bidistilled water to 450 ng/uL stock concentration.
Store at -20°C protected from light. The probe is a labeled
with a single fluorescein and detects blunt-ended DNA
breaks with 5'OH:

5'-AAG GGA CCT GCF GCA GGT CCC TTG ATA CGA
TTC TA -3' F - FITC-dT

5. Vaccinia DNA topoisomerase 1 — 3,000 U/uL (Millipore)
(see Note 4).

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

7. 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 5).

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

9. 100 ng/ul. DNase I (Roche, Indianapolis, IN) in 50 mM
Tris-HCI, pH 7.4, and 10 mM MgCl,. DNase I and DNase
IT are needed for controls if verification of labeling specificity
is required (see Note 6).

10. 500 ng/uL DNase II in the buffer supplied with the enzyme
(Sigma Chemicals, St. Louis, MO). Make the DNase II stock
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11.

12.

13.

14.
15.

by diluting DNase I powder in water to the concentration of
1 mg/mlL, aliquot in small volumes and keep the stock at
-20°C. To run a reaction, dilute the stock solution 1:1 with
the DNase II reaction buffer supplied with the enzyme.

Phosphate-buffered saline (1x PBS): dissolve 9 g NaCl, 2.76 g
NaH,PO, - H,0O, and 5.56 g Na,HPO, - 7H,O in 800 mL of
distilled water. Adjust to pH 7.4 with NaOH, and fill to 1 L
with distilled water.

Sodium bicarbonate buffer: 50 mM NaHCO,, 15 mM NaCl,
pH 8.2.

22 %22 mm or 22 x40 mm glass or plastic coverslips. Plastic
coverslips are preferable as they are easier to remove from the
section.

Fluorescent microscope with appropriate filters and objectives.

Video or photo camera for documentation.

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

15 min, transfer to a fresh xylene bath for an additional
5 min.

. Rehydrate by passing through graded ethanol concentrations:

96% Ethanol — 2x5 min; 80% Ethanol — 5 min; water
— 2 x5 min.

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

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

4. Rinse in distilled water for 2 x 10 min.

. While sections are rinsed in water, combine in a vial: 100 pmol

of Oligoprobe 1 and 100 pmol (3.3 ug) of vaccinia topoi-
somerase | in solution of 50 mM Tris-HCL, pH 7.4 (see
Note 8). Incubate at room temperature for 15 min to allow
for probe activation. Use 25 pL of this reaction solution per
section.

. Aspirate water from sections and apply the reaction solution

containing Oligoprobe 1 and vaccinia topoisomerase I.

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

ified chamber with a plastic coverslip, protected from light.

. Remove coverslips by gently immersing the slides vertically in

a coplin jar containing water at room temperature. Then,
wash section 3 x 10 min in distilled water.

. Rinse with sodium bicarbonate buffer (see Note 9).



5’0OH DNA Breaks in Apoptosis and Their Labeling by Topoisomerase-Based Approach 85

10.

Cover section with an antifading solution (Vectashield with
DAPI), coverslip and analyze the signal using a fluorescent
microscope. Double-stranded DNA breaks with 5'OH will
fluoresce green (see Note 10).

4. Notes

. So far, the only disease with suggested links to a disruption in

apoptotic corpse disassembly is systemic lupus erythematosus
(SLE). In SLE, the apoptotic cells are not properly eliminated
due to failures of the clearance system in the phase II of apop-
totic DNA degradation. Cell corpses become the source of
autoantigens responsible for the initiation and progression of
the disease (20, 21).

. The visualization of smaller numbers of breaks generated

without apoptosis might require a biotin-labeled probe with
enzymatic amplification of signal or a confocal microscope.

. To make apoptotic thymus, inject Sprague-Dawley rats

(150 g) subcutancously with 6 mg/kg dexamethasone
(Sigma) dissolved in 30% dimethyl sulfoxide in water. Animals
have to be sacrificed 24 h post injection. Fix the thymus tissue
by incubating 18 h in 4% paraformaldehyde. Then, pass it
through graded alcohols to 100% ethanol, place overnight in
chloroform and embed in paraffin.

. Highly concentrated vaccinia topoisomerase I, which works

well with the described assay, can be obtained from Millipore,
sold as a part of the ApopTag® ISOL Dual Fluorescence
Apoptosis Detection Kit. Our initial enzyme preparation was
obtained directly from Dr. Stewart Shuman (Sloan-Kettering
Institute, New York) who originally described its purification
(22). We have also received highly concentrated vaccinia
topoisomerase I (3,000 U/uL i.e. 0.2 ug /uL. ~6 pmol/uL)
from Epicentre Biotechnologies (Madison, WI) as a gift. The
company’s regular preparation of 10 U/uL is too weak for
the assay (1 pmol of the concentrated enzyme equals approxi-
mately 500 U).

. Proteinase K is a very stable enzyme, when stored at concen-

trations higher than 1 mg/mL. However, autolysis of the
enzyme occurs in aqueous solutions at low concentrations

(~10 pug/mL) (23).

. DNase I and II treated sections can be used as positive and

negative controls. Use sections of tissues with no preexisting
DNA damage, such as normal bovine adrenal or rat heart.
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10.

Not all normal tissues provide good controls. Normal rat brain
sections, after the treatment with DNase 11, display high non-
specific background levels. Sections of such organs as normal
thymus or small intestine contain cells with DNA cleavage.

The sections should be washed in water (2 x 10 min), and
treated with 100 ng/uL of DNase I (Roche) in 50 mM Tris—
HCL, pH 7.4, and10 mM MgCl, overnight at 37°C, or with
500 ng/uL DNase II in the buffer supplied with the enzyme
(Sigma) for 30 min at 37°C. After washing in water
(3x10 min), and preblocking with 2% BSA (15 min, 23°C)
the sections are ready for labeling.

Mock reactions without enzymes are also recommended
as regular controls in order to assess nonspecific background
staining.

Sometimes, additional controls might be needed to rule
out possible contamination of vaccinia topoisomerase prepa-
rations with nucleases. For this, the pretreatment of control
sections with vaccinia topoisomerase I for 2 h at 37°C is rec-
ommended followed by DNA breaks detection.

. Proteinase K digestion time may need adjustment depending

on the tissue type. Hard tissues might require longer diges-
tion. Times of 10 min are usually used. Omitting the digestion
step results in a weaker signal. On the other hand, overdiges-
tion, results in signal disappearance and section disruption.

. In the initial experiments, we used 215 pmol (7.1 ug) of the

enzyme per every 25 uL 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 (1.76 ugin 25 pL of the reaction mix
per section) with similar results. Reducing the amount of
enzyme to 880 ng (in 25 pL of the reaction mix) resulted in
a weaker signal and 8.8 ng of enzyme produced no signal.

. Alkaline solution rinse enhances FITC fluorescence, which is

pH sensitive and is significantly reduced below pH 7. This
step is not needed if other non pH-sensitive fluorophores are
used in the probe.

Topoisomerase-based labeling and combined topoisomerase-
ligase labeling can be performed using the ApopTag® ISOL
Dual Fluorescence Kit (Millipore).
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Chapter 8

Detection of DNA Strand Breaks in Apoptotic Cells
by Flow- and Image-Cytometry

Zbigniew Darzynkiewicz and Hong Zhao

Abstract

Extensive DNA fragmentation that generates a multitude of DNA double-strand breaks (DSBs) is a
hallmark of apoptosis. A widely used approach to identify apoptotic cells relies on labeling DSBs in situ
with fluorochromes. Flow or image cytometry is then used to detect and quantify apoptotic cells labeled
this way. We developed several variants of the methodology that is based on the use of exogenous termi-
nal deoxynucleotidyl transferase (TdT) to label 3'-OH ends of the DSBs with fluorochromes, defined as
the TUNEL assay. This chapter describes the variant based on DSBs labeling using 5-Bromo-2'-
deoxyuridine-5'-triphosphate (BrdUTP) as a TdT substrate and the incorporated BrdU is subsequently
detected immunocytochemically with anti-BrdU antibody. We also describe modifications of the proto-
col that allow using other than BrdUTT deoxyribonucleotides to label DSBs. Concurrent differential
staining of cellular DNA and multiparameter analysis of cells by flow- or image cytometry enables one to
correlate the induction of apoptosis with the cell cycle phase. Examples of the detection of apoptotic cells
in cultures of human leukemic cell lines treated with TNF-o and DNA topoisomerase I inhibitor topote-
can are presented. The protocol can be applied to the cells growing iz vitro, treated ex vivo with cytotoxic
drugs as well as to clinical samples.

Key words: Apoptosis, DNA damage, Flow cytometry, Laser scanning cytometry, Cell cycle,
Immuno-fluorescence, BrdU

1. Introduction

During apoptosis, DNA undergoes extensive fragmentation at
the internucleosomal sections which generates a multitude of
DNA double-strand breaks (DSBs) (1). Their presence is con-
sidered to be one of the most characteristic markers of apoptotic
cells. A widely used approach to identity apoptotic cells, thus,
relies on labeling DSBs 2z situ either with fluorochromes (2—4)
or absorption dyes (5). We have developed several variants of

Vladimir V. Didenko (ed.), DNA Damage Detection In Situ, Ex Vivo, and In Vivo: Methods and Protocols,
Methods in Molecular Biology, vol. 682, DOI 10.1007/978-1-60327-409-8_8, © Springer Science+Business Media, LLC 2011
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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
deoxyribonucleotides, commonly defined as the TUNEL assay
(2—4, 6-8). In this chapter, we describe the variant based on
DSBs labeling with 5-Bromo-2'-deoxyuridine-5'-triphosphate
(BrdUTP) that subsequently is detected immunocytochemically
with BrdU antibody (Ab). The BrdUTP labeling assay offers
much greater sensitivity than other TUNEL variants (8).
However, modifications of the protocol that allow one to use
deoxyribonucleotides other than BrdUTP also are described.
Concurrent staining of cellular DNA with propidium iodide
(PI) or 4',6-diamidino-2-phenylindole (DAPI) and multipa-
rameter analysis of cells by flow or image cytometry enables one
to correlate the induction of apoptosis with the cell cycle phase
(9). 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 cells
measured by flow cytometry, and its modification, also included,
to cells attached on microscope slides. The latter can be analyzed
by image cytometry, e.g., using an instrument, such as the laser
scanning cytometer (LSC). LSC is the microscope-based cyto-
fluorometer that allows one to measure rapidly, with high sensi-
tivity and accuracy, fluorescence of individual cells (10). Cells
staining on slides eliminates their loss that otherwise occurs dur-
ing repeated centrifugations in sample preparation for flow cytom-
etry. 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 is that it
offers a possibility of electronic selection (gating) of cells of inter-
est 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 char-
acteristic 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 to be measured require
cell fixation (11). For example, the activation of caspases (11-13),
DNA replication (14), translocation of Bax to mitochondria (15),
or activation of NF-kB transcription factor (16), and the key
events associated with apoptosis can be correlated, in the very
same cells, with the presence of apoptosis-associated DSBs.

Fixation and permeabilization of the cells are the initial
essential steps to successfully label DSBs. Cells are briefly fixed
with the cross-linking fixative formaldehyde and then permeabi-
lized by suspending in ethanol or using detergents in the subse-
quent rinses. By cross-linking small DNA fragments to other
cell constituents, formaldehyde prevents their extraction, which
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otherwise occurs during repeated centrifugations and rinses (17).
The 3'OH-termini of the DSBs serve as primers and become
labeled in this procedure with BrdU when incubated with
BrdUTP in a reaction catalyzed by exogenous TdT (2). The
incorporated BrdU is immunocytochemically detected by BrdU
Ab conjugated to fluorochromes of a desired emission wave-
length (8). The BrdU Ab is a widely available reagent, also used
in studies of cell proliferation to detect BrdU incorporated
during DNA replication (18). The sensitivity of DSBs detection
is higher and overall cost of reagents is significantly lower when
BrdUTP is used, as compared to the alternative labeling with
biotin- (or digoxigenin-) (2) or directly fluorochrome-tagged
deoxyribonucleotides (7). The alternate procedures, utilizing
digoxigenin, biotin, or directly labeled deoxynucleotides, how-
ever, are also described in the chapter.

2. Materials

2.1. Reagents
and Glassware

1. Phosphate-buffered saline (PBS), pH 7 4.

2. 1% Formaldehyde (methanol-free, “ultrapure”) (Polysciences,
Warrington, PA), in PBS, pH 7.4.

3. 70% Ethanol.

4. TdT (Roche Diagnostics, Indianapolis, IN). Supplied in stor-
age buffer: (60 mM potassium phosphate at pH 7.2, 150 mM
KCl, 1 mM 2-mercaptoethanol and 0.5% Triton X-100, 50%
glycerol). The 5x TdT reaction buffer (Roche Diagnostics)
contains: 1 M potassium (or sodium cacodylate), 125 mM HCI,
pH 6.6, and 1.25 mg/mL bovine serum albumin (BSA).

5. BrdUTP stock solution (50 pL): 2 mM BrdUTP (Sigma) in
50 mmM Tris-HCI, pH 7.5.

6. 10 mM CoCl, (Sigma).

7. Rinsing buffer: 0.1% Triton X-100 (Sigma) and 5 mg/mL
BSA dissolved in PBS.

8. Alexa Fluor 488-conjugated anti-BrdU monoclonal antibody
(mAb): Dissolve 1.0 ug 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. These Abs are
available from Phoenix Flow System (San Diego, CA) or from
Invitrogen/Molecular Probes (Eugene, OR).

9. PIstaining buffer: 5 ug/mL PI (Invitrogen,/Molecular Probes)
and 10 pg/mL of RNase A (DNase-free) (Sigma) in PBS.
Alternatively, use 1 pug/mL solution of DAPI (Invitrogen/
Molecular Probes) in PBS.
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2.2. Commercial Kits

2.3. Instrumentation

10. Microscope slides or single- or multichambered Falcon
CultureSlides (BD Biosciences) (to be used in conjunction
with analysis by LSC/iCys™ Research Imaging Cytometer).

11. Coplin jars (to be used in conjunction with analysis by LSC/
iCys® Research Imaging Cytometer).

12. Parafilm “M” (American National Can, Greenwich, CT) (to
be used in conjunction with LSC/iCys).

13. Glycerol (to be used in conjunction with analysis by LSC/
iCys™® Research Imaging Cytometer).

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 (8). The APO-DIRECT kit (also
from Phoenix) offers a single-step labeling of DNA strand breaks
with the fluorochrome-tagged deoxynucleotide. Its virtue is sim-
plicity, but it is less sensitive than the APO-BRDU. Of impor-
tance, the positive and negative control cells are supplied with
cach of these Phoenix kits. It should be noted that the kits devel-
oped by Phoenix Flow Systems are provided also by other ven-
dors. The kits utilizing biotin- or digoxigenin-tagged dUTP are
also commercially available.

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 LSC (iCys™™ Research Imaging
Cytometer) is available from CompuCyte, Inc., (Westwood, MA).
Cytospin centrifuge, which is used in conjunction with LSC/
iCys, is provided by Shandon (Pittsburgh, PA).

The software to deconvolute the DNA content frequency his-
tograms, 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 106 cells in 0.5 mL PBS. With a Pasteur pipette
transfer this suspension into a 5 mL polypropylene tube (sece
Note 2) containing 4.5 mL of ice-cold 1% formaldehyde
(see Note 3). Keep the tube for 15 min on ice.
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2.

10.

11.

Centrifuge at 300 xg 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 transfer 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.

. Centrifuge at 200 x4 for 3 min, remove ethanol, resuspend

cells in 5 mL of PBS, and centrifuge at 300 x4 for 5 min.

. Resuspend the pellet in 50 pL of a solution containing;:

e 10 uL TdT 5x reaction buftfer.

e 2.0 uL of BrdUTP stock solution.
0.5 uL (12.5 units) TdT.

e 5 uL of 10 mM CoCl, solution.

e 33.5 uL distilled H,O.

. Incubate the cells in this solution for 40 min at 37 °C (see

Notes 4 and 5).

. Add 1.5 mL of the rinsing buffer, and centrifuge at 300 x g

for 5 min.

. Resuspend cell pellet in 100 puL of Alexa Fluor 488-conjugated

anti-BrdU Ab solution. (Alternatively you may use the Ab con-
jugated either with fluorescein (FITC) or Alexa Fluor 647).

. Incubate at room temperature for 1 h.

. Add 1 mL of PI staining solution (alternatively you may add

1 mL of the DAPI staining solution).

Incubate for 30 min at room temperature, or 20 min at 37 °C,

in the dark.

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 as an excitation source and measure the inten-
sity of blue fluorescence (48020 nm).

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™® Research Imaging
Cytometer) are shown in Fig. 2. A correlation between the induc-
tion of apoptosis and cell position in the cell cycle is clearly
evident: in the case of topotecan treated HL-60 cells, nearly all
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Fig. 1. Detection of apoptotic cells after DSBs labeling with BrdUTP and fluorescence
analysis by flow cytometry. To induce apoptosis leukemic HL-60 cells were treated in
culture with DNA topoisomerase | inhibitor topotecan (0.15 uM) for 4 h. The cells were
then subjected to DSBs labeling with BrdUTP as described in the protocol using fluores-
cein-tagged BrdU Ab and staining DNA with PI. Cellular fluorescence was measured by
flow cytometry. The data are presented as the bivariate distributions (scatterplots) illus-
trating cellular DNA content (DNA index, DI) versus DSBs labeled with BrdU Ab. Note that
essentially only S-phase cells underwent 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 | inhibitors topotecan or camptoth-
ecin for 3-5 h present a convenient experimental model to assess whether the protocol
of DSBs labeling is effective because in the same cell population there are DSBs positive
(S-phase) and negative (G, and G,M) cells.

103 @ b
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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-o. (TNF-cx) in the
presence of cycloheximide (b, (22, 23)). The cells were then subjected to DNA strand break
labeling and DNA staining as described in the protocol using fluorescein-tagged BrdU Ab
and staining DNA with PI. Cell fluorescence was measured by iCys® Research Imaging
Cytometer. The bivariate distributions (scatterplots) allow one to identify apoptotic
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3.2. DSBs Labeling
with Other Markers
for Analysis by Flow
Cytometry

3.3. DNA Strand Break
Labeling for Analysis
by LSC (iCys™
Research Imaging
Cytometer)

apoptotic cells are S-phase cells (Fig. 1) while the apoptotic U-932
cells treated with TNF-o are predominantly G -cells.

As mentioned in the Subheading 1 DNA strand breaks can be
labeled with deoxynucleotides tagged with variety of other fluo-
rochromes. For example, the Molecular Probes, Inc., catalog lists
several types of dUTP conjugates, including BODIPY dyes (e.g.,
BODIPY-FL-X-dUTP), fluorescein, Cascade Blue and Texas
Red. Several cyanine dyes conjugates (e.g., CY-3-dCTP) are avail-
able from Biological Detection Systems (Pittsburgh, PA). Indirect
labeling, via biotinylated- or digoxigenin-conjugated deoxyribo-
nucleotides offers a multiplicity of commercially available fluoro-
chromes (fluorochrome-conjugated avidin or streptavidin, as well
as digoxigenin antibodies) with different excitation and emission
characteristics. DNA strand breaks, thus, can be labeled with a
dye of any desired fluorescence color 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 (7), the fluorochrome-conjugated deoxynucleotide is
included in the reaction solution (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 6-8, and stain
cells directly with PI (step 9). In the case of the indirect labeling,
instead of BrdUTP, digoxygenin- or biotin-conjugated deoxy-
nucleotides are included into the reaction buffer (0.25-0.5 nmol
per 50 uL) at step 4. The cells are then incubated either with the
fluorochrome-conjugated antidigoxigenin 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 protocol. Analysis by flow cytometry is
carried out with excitation and emission wavelengths appropriate
to the used fluorochrome.

1. Transter 300 pL of cell suspension (in tissue culture medium,
with serum) containing approximately 20,000 cells into a
cytospin chamber. Cytocentrifuge at 1,000 rpm (~150xy)
for 6 min to deposit the cells on a microscope slide.
(Alternatively, to analyze cells that grow attached to surface
maintain them in cultures in single- or multichambered

<

Fig. 2. (continued) cells as the cells with labeled DSBs (strong green fluorescence inten-
sity), and also reveal the cell cycle position of cells in either apoptotic or nonapoptotic
population. Note predominance of G, cells among apoptotic cells. The cells with strong
DSBs labeling were relocated, imaged, and their representative images are presented
as shown. These cells show nuclear fragmentation and chromatin condensation, the
typical features of apoptosis (3, 4).
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3.4. Controls

Falcon CultureSlides (BD Biosciences). When harvested,
remove the walls of the chambers, rinse cells with PBS and fix
in formaldehyde as described in step 2 of Subheading 3.3.).

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
ethanol for at least 1 h; the cells can be stored in ethanol for
weceks 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 buffers, rinses or staining solutions
on the cytospin area (or over the sites of individual chambers
if the cells were grown on Chamber Slides) of the horizon-
tally placed slides. At appropriate times, remove these solu-
tions with Pasteur pipette (or vacuum suction pipette). To
prevent drying, place a 2 x4 cm strip of Parafilm over the site
where the cells are present atop of the solutions used for cell
incubations (see Note 8).

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.
e Excite fluorescence with 488 nm laser line.

* 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, if DSBs are labeled with Alexa Fluor 647
excite fluorescence with red diode laser and measure fluores-
cence intensity at far-red wavelength. If DAPI is used to stain
DNA, excite DAPI fluorescence with UV laser and measure
fluorescence intensity at 480 +20 wavelength).

The typical results are shown in Figs. 1 and 2 (see Notes
6 and 7).

The procedure of DNA strand break labeling is rather complex
and 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, degradation of BrdUTP, etc. It is necessary, there-
fore, to include the positive and negative control. An excellent
control is to use HL-60 cells treated (during their exponential
growth) for 3—4 h with 0.2 uM of the DNA topoisomerase I
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inhibitor camptothecin (CPT). Because CPT under these conditions
induces apoptosis selectively during S phase, cellsin G, and G,/M
may serve as negative control populations, while the S phase cells
in the same sample, represent the positive control.

Another negative control consist 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 that
obtained from in leukemias, lymphomas, and solid tumors
(19, 20), and that can be combined with surface immuno-
phenotyping. In such instance, 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 fluo-
rochrome (see Subheading 3.1) than the one used for immu-
nophenotyping. The percent of apoptotic (DSBs-positive)
cells is then estimated within the gated-immunophenotype
cell population.

2. If the sample initially contains small number of cells, cell loss
during repeated centrifugations is a problem. To minimize
cell loss, polypropylene, or siliconized glass tubes are recom-
mended. Since transferring cells from one tube to another
one results in electrostatic attachment of a large fraction of
cells to the surface of each new tube all steps of the proce-
dure (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 dif-
ferences in DNA content (e.g., chick 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 cross-linking agent, such as formalde-
hyde is required to prevent the extraction of the fragmented
DNA from apoptotic cells (17). This ensures that despite the
repeated cell washings during the procedure, the DNA con-
tent of apoptotic cells (and with it the number of DSBs) is
not markedly diminished.

4. Alternatively, incubate at room temperature overnight.

5. Control cells may 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 the use of the exponential scale (loga-
rithmic amplifiers of the flow cytometer or LSC) for data
acquisition and display (Figs. 1 and 2). Asit is evident in these
figures, because cellular DNA content of each, apoptotic and
nonapoptotic cell population is measured, the cell cycle distri-
bution and/or DNA ploidy of these both populations can be
estimated.

7. While the presence of extensive DNA breakage, detected

tollowing strand break labeling, by the strong fluorescence, is
a very characteristic feature of apoptosis, a weak fluorescence
may not necessarily mean the lack of apoptosis. In some cell
systems, DNA fragmentation stops at 300-50 kb size DNA
fragments and does not progress into internucleosomal
sections (21).

. 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 9

Fluorochrome-Labeled Inhibitors of Caspases: Convenient
In Vitro and In Vivo Markers of Apoptotic Cells
for Cytometric Analysis

Zbigniew Darzynkiewicz, Piotr Pozarowski, Brian W. Lee,
and Gary L. Johnson

Abstract

Activation of caspases is a hallmark of apoptosis. Several methods, therefore, were developed to identify
and count the frequency of apoptotic cells based on the detection of caspases activation. The method
described in this chapter is based on the use of fluorochrome-/Abeled inhibitors of caspases (FLICA)
applicable to fluorescence microscopy, and flow- and image-cytometry. Cell-permeant FLICA reagents
tagged with carboxyfluorescein or sulforhodamine when applied to live cells 22 vitro or in vivo, exclusively
label cells that are undergoing apoptosis. The FLICA labeling methodology is simple, rapid, 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 mem-
brane using Annexin V fluorochrome conjugates. Following cell fixation and stoichiometric staining of
cellular DNA, FLICA binding can be correlated with DNA ploidy, cell cycle phase, DNA fragmentation,
and other apoptotic events whose detection requires cell permeabilization. The “time window” for the
detection of apoptosis with FLICA is wider compared to that with the Annexin V binding, making
FLICA a preferable marker for the detection of early phase apoptosis and more accurate for quantification
of apoptotic cells.

Key words: FLICA, Caspases, Apoptosis, Flow cytometry, Laser scanning cytometry, Cell death,
Mitochondrial potential, Annexin V binding

1. Introduction

Caspases are cysteine-aspartic acid-specific proteases that are
activated in response to different cell death-inducing stimuli (1).
Their activation initiates specific cleavage of the respective target
proteins and, therefore, is considered to be a marker of the

Vladimir V. Didenko (ed.), DNA Damage Detection In Situ, Ex Vivo, and In Vivo: Methods and Protocols,
Methods in Molecular Biology, vol. 682, DOI 10.1007/978-1-60327-409-8_9, © Springer Science+Business Media, LLC 2011
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irreversible steps leading to cell demise. Although there are
exceptions (2), caspase activation is considered a characteristic
event of apoptosis, and identification of apoptotic cells often relies
on detection of their activity (3, 4). Caspases specifically recog-
nize a four-amino acid sequence on their substrate proteins; the
carboxyl end of aspartic acid within this sequence is the target for
cleavage. Several approaches have been developed to detect the
process of caspases activation. Because the activation involves the
transcatalytic cleavage of the zymogen pro-caspases (1), the cleav-
age products having lower molecular weight than the zymogen
can be revealed electrophoretically and identified in Western blots
using caspase-specific antibodies. Another approach utilizes the
fluorogenic (or chromogenic) substrates of caspases. Peptide sub-
strates were developed, which are colorless or non-fluorescent, but
upon cleavage, generate colored or fluorescing products (5, 6).
These two approaches, however, are primarily used to detect cas-
pases activation in cell extracts, thereby providing no information
on their activation in individual cells that otherwise is needed to
reveal heterogeneity of cell populations or to correlate caspases
activation with other cell attributes such as cell cycle position.

Among the approaches that can be applied to study activation
of caspases iz situ are the methods based on immunocytochemi-
cal detection of the epitope that is characteristic of the caspases’
active form. Antibodies that react only with the activated caspases
are now available and have been used in cytometric assays (7, 8).
Activation of caspases also can be detected indirectly, by immuno-
cytochemical identification of the specific cleavage products, e.g.,
the p89 fragment of poly(ADP-ribose) polymerase, and this
method has been adapted to cytometry as well (9).

The method described here relies on the use of the fluoro-
chrome-/abeled znhibitors of caspases (FLICA; (10, 11)). The
principle of this methodology was introduced long ago in the
studies of the esterases and proteases utilizing radio-labeled spe-
cific inhibitors that bound to the active centers of these enzymes
and were detected by autoradiography (12). In the case of cas-
pases, the ligands that bind to their active centers are carboxyfluo-
rescein (FAM)- or fluorescein (FITC)-tagged peptide-fluoromethyl
ketone (FMK) inhibitors. These ketone reagents penetrate the
plasma membrane of live cells and are relatively nontoxic to the
cells, at least in short-term incubations (13). Actually, in some cell
systems by virtue of caspase inhibition, FLICA slow down the
process of apoptosis and prevent total cell disintegration, making
it possible to quantify the frequency of apoptotic cells more accu-
rately (apoptotic index; Al) (14). The recognition peptide moi-
eties of these reagents were expected to provide some level of
specificity of their binding to particular caspases. Thus the FLICA
containing VDVAD, DEVD, VEID, YVAD, LETD, LEHD, and
AEVD peptide moieties were expected to preferentially bind to
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activated caspases-2, -3, -6, -1, -8, -9, and -10, respectively.
On the contrary, the FAM-VAD-FMK containing the valylalanyl
aspartic acid sequence was designed to be pan-caspase reactive,
binding to activated caspases-1, -3 -4, -5, -7, -8, and -9 (15). 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, binding of the
sequence is not as caspase specific as initially thought (7, 16).
Despite the apparent lack of specificity in labeling caspases, the
FLICA probes have consistently shown themselves to be highly
reliable reporters of caspases activation and convenient markers of
apoptotic cells.

Exposure of live cells to FLICA results in the rapid uptake of
these reagents followed by their covalent binding to apoptotic
cells containing activated caspase enzymes. Unbound FLICA are
removed from the nonapoptotic cells by rinsing with wash-buftfer.
The protocols given below describe labeling cells that contain
activated caspases using FAM-VAD-FMK. The same protocol can
be applied to other FLICAs. Concurrent exposure of cells to pro-
pidium 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 apop-
totic cells or cells undergoing necrosis. On the contrary, simulta-
neous staining with the mitochondrial electrochemical potential
probe chloromethyl-X-rosamine (CMXRos; MitoTracker Red)
(17) and FLICA allows one to discriminate between two sequen-
tial events of apoptosis: dissipation of the inner mitochondrial
membrane potential and activation of the caspase enzyme cas-
cade, respectively. Likewise, simultaneous staining with FLICA
and Annexin V conjugated to red fluorescing dyes such as Cy5
reveals the relationship between caspases activation and exposure
of’ phosphatidylserine (PS) residues on the external surface of
plasma membrane during apoptosis (7, 18). Cells labeled with
FLICA 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 measure large cell populations rapidly
to analyze cell images, LSC is particularly useful in studies of
apoptosis (19).

2. Materials

1. Cellsto be analyzed: canbe grown onslides (see Subheading 3.1)
or in suspension.

2. Microscope slides, coverslips: see Subheading 3.1
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. Instrumentation: Fluorescence microscope, or multiparame-

ter Laser Scanning Cytometer (LSC; iCys® Research Imaging
Cytometer), available from CompuCyte, Inc. (Westwood,
MA). Flow cytometers of different types, offered by several
manufacturers, can be used to measure cell fluorescence fol-
lowing 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), iCyt (Urbana-Champain, IL), and PARTEC
GmbH (Zurich, Switzerland).

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

4. Phosphate-buffered saline (PBS).

10.
11.

12.
13.

. Dimethylsulfoxide (DMSO; Sigma Chemical Co., (St. Louis,

MO)).

. Stock solution of PI. dissolve 1 mg of PI (Invitrogen,/Molecular

Probes, Eugene, OR) in 1 mL of distilled water. This solution
can be stored at 4°C in the dark for several 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 Immuno-
chemistry Technologies LLC, Bloomington, MN) in dimeth-
ylsulfoxide (DMSO) as specified in the kit to obtain 150x
concentrated (stock) solution of this inhibitor. Also available
from this vendor are caspase-2 (VDVAD), caspase-3 (DEVD),
caspase-6 (VEID), caspase-1 (YVAD), caspase-8 (LETD),
caspase-9 (LEHD), and caspase-10 (AEVD) FLICA. Aliquots
of FLICA solution may be stored at -20°C in the dark for
6 months.

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

30x 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. Protect all FLICA solutions from light.

. FLICA staining solution: just prior to the use, add 3 puL of

30x concentrated FAM-VAD-FMK solution into 100 puL of
culture medium.

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

Staining solution of PI: add 10 uL of stock solution of PI to
1 mL of the rinsing solution.

MitoTracker Red (Invitrogen/Molecular Probes).

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

3.1. Attachment

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

The procedure requires incubation of live (unfixed, not permea-
bilized) cells with solutions of FLICA. 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 cov-
erslips. Culture vessels having microscope slides at the bottom of
the chamber are commercially available (e.g., “Chamberslide,”
Nunc, Inc., Naperville, IL, or single- or multi-chambered Falcon
CultureSlides, BD Biosciences). 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 cover-
slips are then inverted over shallow (<1 mm) wells on the micro-
scope slides. The wells can be prepared by constructing the well
walls (~2x 1 cm size) either with a pen that deposits a hydropho-
bic barrier (“Isolator,” Shandon Scientific), nail polish, or melted
paraffin. The wells also may be made by preparing a strip of
Parafilm “M” (American National Can, Greenwich, CT) of the
size of the slide, cutting a hole ~2x1 c¢m 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, these cells may be selectively lost if the analy-
sis 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
2x10% 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
drying, a small piece (~2x2 cm) of a thin polyethylene foil or
Parafilm may be placed atop 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 firmly
attach to the slide surface. Cells attached in this manner remain
viable for several hours and can be subjected to surface immuno-
phenotyping, viability tests, or intracellular enzyme kinetics assays.
Such preparations can then be fixed (e.g., in formaldehyde) with-
out significant loss of cells from the slide. However, as in the case
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3.2. Gell Staining
and Analysis

by Microscopy

or LSC (iCys™®
Research Imaging
Cytometer)

3.3. Cell Staining
and Analysis by Flow
Cytometry

of cell growth on glass, late apoptotic cells have a tendency to
detach even after the initial attachment.

It should be stressed that the microscope slide to which the

cells are going to be attached electrostatically should be extra
clean. Fingerprints leave oils on the slide that interfere with cell
attachment. To remove possible contamination of the glass surface
that may interfere with cell attachment, soak the microscope
slides in a household detergent, then rinse in water and 100%
ethanol, respectively. The 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.

. Remove the medium and replace it with 100 puL of 1x FLICA

(e.g., FAM-VAD-FMK) staining solution.

. Place ~2 x4 cm strip of Parafilm atop the staining solution to

prevent drying. Incubate the slides horizontally for 1 h at
37°C in a closed box with wet tissue or filter paper to ensure
100% humidity, in the dark.

. Remove the staining solution with Pasteur pipette. Rinse

twice with the rinsing solution, each time adding a new
aliquot, gently mixing, and after 2 min replacing with the
next rinse.

. Apply 100 pL of the PI staining solution atop the cells depos-

ited on the slide. Cover with a coverslip and seal the edges to
prevent drying (see Notes 1-4).

. During the subsequent 30 min after the addition of PI solu-

tion, observe the cells under fluorescence microscope (blue
light illumination) or measure cell fluorescence with LSC/
iCys. Use the argon ion laser (488 nm) of LSC/iCys to excite
fluorescence, contour on light scatter, and measure green
fluorescence of FLICA at 530+20 nm and red fluorescence
of PT at >600 nm (Fig. 1) (See Note 5).

. Suspend 5x10°-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

solution to this cell suspension. Mix the cell suspension by
flicking the tube.

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

CO,, at 100% humidity, in the dark.
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Fig. 1. The bivariate distributions (scatterplots) of FAM-VAD-FMK (FLICA; green maximal pixel) vs. Pl (red integral) fluores-
cence of the control (Ctrl) and CPT-treated HL-60 cells. To induce apoptosis, the cells were treated for 4 h with DNA
topoisomerase | inhibitor camptothecin (0.15 uM; CPT). The cells were then stained according to the protocol
(Subheading 3.2) and their fluorescence was measured by iCys® Research Imaging Cytometer. 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 Pl (quadrant b). The cells that are more advanced in apoptosis show variable degrees of both,
FLICA and PI, fluorescence (quadrant c). At very late stages of apoptosis (“necrotic stage”), caspases either leak out of
cells or are not reactive with FLICA, and the cells become FLICA negative/PI positive (quadrant d) (see Notes 6-11).

4. 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.

5. Centrifuge at 300x4 for 5 min at room temperature and
remove supernatant by aspiration.

6. Resuspend cell pellet in 2 mL of the rinsing solution or in
1x “wash buffer.”

7. Centrifuge at 300 xg for 5 min and aspirate the supernatant
(See Note 5).

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.
* Measure green fluorescence of FLICA at 530 +20 nm.
* Measure red fluorescence of PI at >600 nm.
4. Notes
1. Protect cells from light throughout the procedure.
2. Staining with PI is optional. It allows us to identify the cells

that have compromised cell membrane integrity features.
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Cells bearing compromised cell membrane integrity structure
(necrotic and mid-late apoptotic cells, cells with mechanically
damaged membranes, isolated cell nuclei will stain red as a
result of their inability to exclude PI (Fig. 1).

3. If concurrently 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 CMZXRos.
Alternatively, the CMXRos potentiometric dye can be replaced
by a tetramethylrhodamine derivative dye such as tetrameth-
ylrhodamine methyl ester perchlorate (TMRM, available from
Sigma, Invitrogen/Molecular Probes, or in kit form from
Immunochemistry Technologies). Cells can be stained with
0.4 uM of TMRM for 15 min at 37°C. After 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. It concurrently with FLICA cells are stained with Annexin
V—-Cy5 conjugate, instead of adding PI solution, add 100 uL
of the 1x binding buffer containing Annexin V-Cy5 at the
concentration suggested by the vendor. Incubate for 15 min,
rinse once with the binding buffer, and suspend in rinsing

104
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Fig. 2. Concurrent detection of caspases activation by FLICA (FAM-VAD-FMK) and the loss of mitochondrial electrochemi-
cal potential (A, ) during apoptosis. To induce apoptosis, human leukemic Jurkat cells were treated with 30 or 60 uM
H,0, for 7 h (7). The cells were then subjected to staining with FLICA and CMXRos (MitoTracker Red), and their fluores-
cence 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 binding), prior to caspases activation, and (¢) cells showing both decreased
mitochondrial potential and increased caspases activation (c). 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. 7) (see Note 9).
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Fig. 3. Relationship between caspases activation as detected by FLICA binding and
externalization of phosphatidylserine revealed by Annexin V binding during apoptosis.
Apoptosis of HL-60 cells was induced by treatment with the DNA topoisomerase | inhibi-
tor topotecan (TPT, 0.15 M, 90 min). The cells were then labeled with FLICA (FAM-VAD-
FMK), subsequently with Annexin V-Cy5 conjugate, and their fluorescence was measured
by iCys® Research Imaging Cytometer as described in the protocol (see Subheading 3.2
and Note 4). Four quadrants shown in the right panel identify cells that are (a) 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 (see Notes 6-11).

buffer. The calcium containing binding buffer must be used
to maintain the affinity interaction between the Annexin and
PS residues on the apoptotic cell membrane surface. Excite
cell fluorescence with both 488 nm and red diode (647 nm)
lasers and measure the emission of Cy5 at far red (>650 nm)
wavelength (Fig. 3). This procedure, however, can be com-
bined with staining with PI. High intensity of PI fluorescence
at red wavelength (590-620 nm, excited at 488 nm) allows
one to identify and gate out the cells with a damaged plasma
membrane (PI positive) and analyze the PI negative cells with
respect to their Annexin V-Cy5 and FLICA fluorescence.

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) fol-
lowed by 70% ethanol and then subjected to staining with PI
in the presence of RNase A or stained with 7-aminoactinomy-
cin D. In this format, PI is used to stain the DNA of all cells
to facilitate 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.
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Details of this procedure are provided in reference (7).
Alternatively, when two-laser excitation is available and one of
the lasers produces UV light the cellular DNA may be coun-
terstained with Hoechst 33342 or with 4',6-diamidino-2-
phenylindole (DAPI), both available from Invitrogen/
Molecular Probes.

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

that mark the activated caspases, but react directly with the cas-
pase by covalent interaction with the active site of the enzyme.
This inhibits caspase activity, suppressing the process of apopto-
sis. Thus, the rate of apoptosis progression and all the events
related to caspases activity are suppressed by FLICA (14).

. Another problem that should be taken into an account when

using FLICA to mark the activated caspases in live cells per-
tains to 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 when 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 analysis by LSC/iCys™® Research Imaging
Cytometer , 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 estima-
tion of 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 (20).

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

ual FLICA sequences designed to be markers for their respec-
tive caspases in the light of the evidence of a nonspecific
component in FLICA binding (7, 16). While activation of
caspases is definitely associated with FLICA binding (7), it is
likely that products of cleavage of other proteins by caspases
have exposed thiol groups reactive with FLICA as well (16).

. Also available are FLICA red fluorescing reagents containing

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



Fluorochrome-Labeled Inhibitors of Caspases 113

10. A combination of FLICA with SYTO dyes offers an attractive

11.

marker of apoptosis concurrently revealing activation of cas-
pases and condensation of nucleic acids (21).

It should be stressed that FLICA reagents at concentrations
used to label apoptotic cells do not show toxicity to the
non-apoptotic cells, at least in short-term (up to 48 h) in vitro
experiments (13). Therefore, they are ideally suited to serve as
in vivo markers of apoptotic cells. Defined as FLIVO™ iz vivo
apoptosis detection and imaging reagents (Immunochemistry
Technologies, LLC), these reagents were successfully used to
image and mark apoptotic cells in rats and mice following
induction of apoptosis by different reagents (22—-24). Increased
levels of tumor cell apoptosis resulting from suppression of
gp78 protein in sarcoma cells were assessed using iz vivo
injections of the SR-VAD-FMK (Red FLIVO) probe (24).
These FLIVO probes were also used successfully iz vivo, to

measure increased levels of apoptosis in rat liver ischemia stud-
ies (25, 206).
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Chapter 10

Combining Fluorescent In Situ Hybridization with the Comet
Assay for Targeted Examination of DNA Damage and Repair

Sergey Shaposhnikov, Preben D. Thomsen, and Andrew R. Collins

Abstract

The comet assay is a simple and sensitive method for measuring DNA damage. Cells are embedded in
agarose on a microscope slide, lysed, and electrophoresed; the presence of strand breaks allows the DNA
to migrate, giving the appearance of a comet tail, the percentage of DNA in the tail reflecting the break
frequency. Lesion-specific endonucleases extend the usefulness of the method to investigate different
kinds of damage. DNA repair can be studied by treating cells with damaging agent and monitoring the
damage remaining at intervals during incubation. An important feature of the assay is that damage is
detected at the level of individual cells. By combining the comet assay with fluorescent iz situ hybridiza-
tion (FISH), using labeled probes to particular DNA sequences, we can examine DNA damage and repair
at the level of single genes or DNA sequences. Here we provide protocols for the comet assay and the
FISH modification, answer some technical questions, and give examples of applications of the technique.

Key words: Comet assay, Fluorescent iz situ hybridization, DNA damage, DNA repair

1. Introduction

1.1. The Comet Assay The alkaline comet assay is a common method for measuring
DNA damage, whether as a biomarker in lymphocyte samples
from human population or intervention studies, or in % vitro or
7 vivo genotoxicity testing, or in investigating the mechanisms of
DNA damage and repair (1). Briefly, cells are embedded in low
melting point agarose on a microscope slide, and lysed 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 however remains attached to the nuclear matrix
as loops retaining the supercoiling that was present in the
nucleosomes. On electrophoresis, DNA is attracted towards
the anode, but migration occurs only if breaks are present.

Vladimir V. Didenko (ed.), DNA Damage Detection In Situ, Ex Vivo, and In Vivo: Methods and Protocols,
Methods in Molecular Biology, vol. 682, DOI 10.1007/978-1-60327-409-8_10, © Springer Science+Business Media, LLC 2011
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1.2. Probes for FISH
with Comets

The migrating DNA from each cell forms a comet-like structure
when viewed (usually) by fluorescence microscopy with a suitable
stain, and the fraction of DNA in the tail is proportional to the fre-
quency of breaks. The advantages of the assay are its simplicity,
speed, sensitivity, applicability to different cell types, avoidance of
radioactive labeling, and — perhaps most significantly — the fact that
damage is assessed at the level of individual cells.

The assay can be combined with lesion-specific endonucleases,
so that damage other than simple strand breaks can be measured.
Formamidopyrimidine DNA glycosylase (FPQ) is used to detect
oxidized purines (mainly 8-oxoGua), endonuclease I11I for oxidized
pyrimidines, and T4 endonuclease V for UV-induced cyclobutane
pyrimidine dimers.

Repair of different kinds of DNA damage can be monitored
with the comet assay, 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 inter-
vals during the incubation.

As stated above, the special feature of the comet assay is the
ability to look at damage in individual cells. By combining comets
with fluorescent iz situ hybridization (FISH) using labeled probes
to particular DNA sequences, we can examine damage and repair
at an even finer level of resolution, i.e. at the level of individual
genes and DNA sequences. This potential was recognized early
on, but relatively few FISH-comet papers have been published
to date.

Figure 1 illustrates general principles of the comet assay com-
bined with FISH.

Studying DNA damage and repair with FISH combined with
the comet assay is difficult but potentially very informative. In
comparison with standard FISH on chromosome spreads, addi-
tional care is necessary as comet DNA preparations are embedded
in fragile agarose gels. On the other hand, this feature can be use-
ful as it allows investigation of DNA preparations in 3-D space. In
this chapter, we provide protocols for the comet assay and the
FISH modification, answer some technical questions, and give
examples of applications of the technique. FISH with comets
should be useful to researchers interested in the structural organi-
zation of DNA and chromatin, the localization of DNA damage,
and the kinetics of repair of damage.

Depending on the types of target sequences to be detected, a
variety of probes have been developed and applied in standard
FISH techniques and, subsequently, with comets. The most
widely used repetitive sequences used as FISH probes are cen-
tromere, telomere, and ribosomal DNA repeats, as well as inter-
spersed repetitive elements (SINEs, LINEs). These types of
probes are technically convenient for use as they give strong,
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momomon|
[ I Cells in agarose on
microscope slide
l Lysis: Triton X-100, 2.5 M NaCl
Nucleoids;

supercoiled DNA

Electrophoresis: DNA
extends towards anode

Comet tails: DNA loops
pulled to one side. DNA
break frequency is related to
% of DNA in the tail

Fig. 1. General principles of the comet assay combined with FISH.

casily detectable signals. Other widely used nongene-specific
probes producing strong signals in comets are chromosome arm-
or band-specific painting probes (DNA from micro-dissected
chromosomes), as well as chromosome painting probes (DNA
from flow-sorted chromosomes). The types of probes mentioned
are usually produced commercially. Specific DNA sequences are
studied using unique probes: PCR products, cDNAs, and genomic
DNA cloned in cosmids, P1-artificial chromosomes (PACs), bac-
terial artificial chromosomes (BACs), or yeast artificial chromo-
somes (YACs). Oligonucleotide probes can also be applied. Many
of the large unique probes are not commercially available but can
be prepared for FISH using standard molecular biology tech-
niques. Thus, genomic DNA clones (cosmids, PACs, BACs,
YACs) can be obtained from various institutions dealing with
genome mapping and sequencing. Of these, PAC and BAC clones
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1.3. Visualizing FISH
Comets

become especially valuable as they have been used to construct
well-characterized and sequenced genomic libraries, thus allowing
accurate and precise selection of the target sequences. These
clones are easy to work with and their insert size can be greater
than 700 kb, with usual insert size of 100-350 kb. These large
genomic DNA fragments, however, can often contain a fraction
of repetitive sequences, which may result in a high background.
In some cases, it is possible to avoid this problem by using more
specific chemically synthesized oligonucleotide probes. As they
are small, probe molecules that are not bound to the specific tar-
get DNA are readily removed on washing, so ensuring a low
background. However, the signals from these probes are weak.

Peptide nucleic acid (PNA) probes are synthetic analogs of
DNA in which the bases are attached via methylene carbonyl
bonds to repeating units of N-(2-aminoethyl) glycine in place of
the phosphodiester backbone (2). The lack of charged phosphate
groups means that PNA-DNA duplexes have enhanced stability
when PNA is used as a FISH probe.

Padlock probes are linear oligonucleotides that are designed
so that the two end segments, connected by a linker region, are
complementary to adjacent target sequences (3). Upon hybrid-
ization, the two probe ends become juxtaposed and can be joined
by a DNA ligase, thereby circularizing the padlock probe and
rendering it physically catenated to the target sequence. The reac-
tion is stable and highly specific, requiring a perfect match between
the probe ends and the target sequence. By amplifying circular-
ized padlock probes through rolling circle DNA synthesis iz situ,
specifically reacted probes can be distinguished from nonspecifi-
cally bound probe molecules and other detection reagents. When
used for FISH on comets, the essential feature of these probes is
that padlock reaction steps are performed at 37°C — the “normal”
comet assay temperature, which ensures gel conservation.

When analyzing FISH comets results, visualization and scoring
depend entirely on direct observation. In most cases, there is no
possibility to score the signals automatically because of the com-
plexity of the preparations. Figure 2 illustrates different appear-
ances of the signals: a linear array (Fig. 2a) or separate spots
(Fig. 2b). Investigators have to look at each signal to judge
whether to count it. However, rapid developments of automated
systems for detection of various objects at the microscopic level
give hope for automated scoring of at least certain kinds of FISH
signals in the near future.

An important difference between visualization of the stan-
dard chromosomal FISH experiments and FISH comets is the
dimensions of the preparations and, subsequently, of the observed
signals. In standard FISH studies, DNA preparations that are
fixed or adsorbed onto microscope slides are normally used.
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Fig. 2. FISH with biotin-labeled probes from the LCAT gene cluster on human chromosome 16¢22.1 to neutral and alka-
line comets prepared from U-2 OS cells treated with 0.1 mM H,0,. (a) PAC clone RPCI1-213H19 (8), neutral comet
(reproduced from Electrophoresis 2008 (8), with permission. Copyright Wiley-VCH Verlag GmbH & Co. KGaA). The probe
appears as a linear array, consistent with extension from a fixed point on the nuclear core or matrix. (b) Cosmid probe
0din (8), alkaline comet. The probe appears as a series of spots in the head and the tail of the comet.

Thus, 2-D preparations are under investigation. In contrast,
comet preparations are organized in 3-D space. Electrophoresis
may alter the original chromatin organization, but the signals
from FISH are still in a 3-D matrix. On the one hand, this 3-D
organization of the DNA in comet preparations can be a great
advantage, as it reflects the real organization of chromatin in the
living cell, but on the other hand, it produces difficulties in the
process of visualizing and scoring the signals and makes it impos-
sible to obtain realistic images in photographs that record only
one (2-D) plane.

1.4. Applications Although the potential for combining FISH with the comet assay
of the FISH Comet was apparent from early on, it was a decade before Santos et al.
Technique published the first successtul results (4). Employing a simple neutral

comet assay, their aim was to investigate aspects of the structural
organization of the nucleus in human interphase lymphocytes —
specifically, how centromeric and telomeric DNAs behave under
electrophoresis. They used probes to all centromeres, all telom-
eres, and chromosome-specific centromere and telomere DNA,
plus three segments of the gene MGMT (coding for the repair
enzyme O°S-methylguanine methyltransferase). Telomere probes
appeared as discrete spots, localized mostly over the head, which
is consistent with their known attachment to the nuclear mem-
brane. The size of telomeric sequences is in the region of 15-50 kb.
In contrast, centromere DNA (1,000 kb in size) gave signals that
were arranged as long strings of dots, extending well into the
comet tail. The MGMT signals were found in the head as well as
the tail of comets, the three segments generally appearing close
together in a linear array.

Arutyunyan et al. (5, 6) were also interested in telomeric DNA,
and its sensitivity to damage induced by drugs used in cancer therapy.

1.4.1. Information About
Chromatin Structure
and Organization



120 Shaposhnikov, Thomsen, and Collins

1.4.2. Information Relating
to the Comet Assay ltself

1.4.3. Gene-Specific DNA
Repair

They used telomere-specific PNA probes with comets developed
from human leukocytes by the alkaline method. After bleomycin
treatment, the appearance of telomere probes in the tail paralleled
total DNA migration, i.e. there was no evidence for preferential
damage to telomere DNA.

FISH can be used to answer questions relating to how DNA
behaves in the comet assay. A common question is whether dam-
age to mitochondrial DNA (mtDNA) can be detected. We identi-
fied mtDNA using specific padlock probes (7). In preparations of
cells embedded in agarose, before lysis, signals were thickly clus-
tered around the counterstained nucleus. After lysis even for a few
minutes, signals had moved away from the nucleus, and after elec-
trophoresis they were randomly distributed over the gel. In con-
trast, FISH with probes to Alu sequences, which are widespread
throughout the genomic DNA, showed no tendency to disperse,
but remained colocalized with tail DNA.

Recently, we compared the signals obtained by applying
probes to DNA from neutral and alkaline electrophoresis of cells
with experimentally induced DNA single strand breaks (8). The
sequence probed — with a length of about 100 kb — was equiva-
lent to a substantial fraction of the tail length. After neutral elec-
trophoresis, signals appeared as linear chains of dots, consistent
with the idea that the tail consists of DNA molecules extending
out from the nucleoid core towards the anode. In contrast, after
alkaline electrophoresis, signals were mostly isolated dots; few
chains were seen. A possible explanation was that the DNA had
undergone further fragmentation. When differently labeled
probes to adjacent target regions (with a combined length of
about 200 kb) were applied to DNA from alkaline comets, the
two colors used to visualize the probes generally appeared as pairs,
in close association — arguing against further fragmentation, which
would have separated them.

The number of signals (mostly dots) seen after alkaline elec-
trophoresis was approximately double the number of signals
(mostly chains) after neutral electrophoresis, as expected since the
denatured DNA provides two strands for hybridization.
Furthermore, the average numbers of signals seen per cell corre-
sponded closely with the numbers expected according to the gene
copy number in a random interphase cell population. The fre-
quency of breaks was so low that there was only a small probability
of breaks occurring within the targeted region (see Note 1).

The overall process of cellular DNA damage and repair is followed
with the comet assay by measuring tail intensity at intervals during
incubation following DNA-damaging treatment. Damage to a
specific gene (more accurately, of the DNA region containing the
gene) and its repair can be monitored by following the “retreat”
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of the gene-specific signals from tail to head during the incuba-
tion period. The kinetics of overall genomic and gene-specific
repair can thus be compared.

McKenna et al. (9) examined strand break repair in human
tumor cells following 5 Gy of y-irradiation, using a probe for the
TP53 gene. They found an increased number of signals (mostly in
the comet tails) immediately after irradiation and a decrease in
number over the first 15 min at which time most were in comet
heads. By 60 min, the number of signals was back to the normal
level, while the percentage of tail DNA (representing total DNA
and its repair) was still elevated. Thus TP53 repair was faster than
repair of the overall DNA. Kumaravel et al. (10) and Horvathova
etal. (11) also reported preferential repair of TP53, after ionizing
radiation or H,O, treatment.

Conventional methods for examining gene-specific DNA
repair (12, 13) require high doses of UV and operate at the level
of resolution of a restriction fragment of the gene. With the comet
assay, in contrast, very low damage doses are employed, and the
level of resolution is the DNA loop containing the gene.

2. Materials

2.1. The Comet Assay . Staining jars (vertical or horizontal).

. Glass slides (frosted end)

. Coverslips (20 x20 mm and 22 x22 mm).
. Parafilm.

. Metal plate.

. Incubator (37°C/55°C).

. Moist chamber (e.g. glass or plastic box with platform for
slides above a layer of water).

2.1.1. Equipment
and Supplies

N OV gt W N

. Eletrophoresis tank (horizontal).

O ©o

. Electrophoresis power supply.

10. Fluorescence microscope.

2.1.2. Reagents, Solutions 1. Normal melting point agarose (NMP agarose): 1% in H,O.
A few hundred milliliters is enough for several hundred slides.

2. Low melting point agarose (LMP agarose): 1% in PBS. Store
at 4°C in 10 mL aliquots.

3. Phosphate Buffered Saline (PBS).
4. Reagents for cell culture.

5. Histopaque 1077 (Sigma) or Lymphoprep (Nycomed).
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2.1.3. Enzymes

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.

8. Neutral electrophoresis solution (1x TBE): 0.09 M Tris-
borate, 0.002 M EDTA. Set to pH 7.5 by adding concen-
trated HCL.

9. 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
10x 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 3,000x) (see Note 2).

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 puL with

buffer (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 these

enzymes are 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 uL aliquots to 300 L with buf-
fer (no glycerol) and keep on ice until you add it to the gels.



2.2. FISH on Comets

2.2.1. Labeling of DNA
Probes by Nick Translation

2.2.2. Hybridization, Signal
Detection and Visualization
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. DNase I (Roche); store at —20°C.
. 10x nick translation bufter: 0.5 M Tris-HCI pH 7.5, 0.1 M

MgSO,, 1 mM DTT, 0.5 mg/mL bovine serum albumin.
Aliquot and store at —20°C.

. Stock solutions of deoxyribonucleoside triphosphates

(dNTPs), 100 mM each (Roche); store at -20°C.

. Mixture of dNTPs (0.5 mM each) containing no dCTP

(ANTP-C): mix 1 pL of dATP, 1 uL of dGTP and 1 pL of
dTTP with 197 uL of H,O. Store at -20°C.

. Mixture of dNTPs (0.5 mM each) containing no dATP

(ANTP-A): mix 1 uLL of dCTP, 1 puL. of dGTP and 1 pL of
dTTP with 197 uL of H,O. Store at -20°C.

. Mixture of dNTPs (0.5 mM each) containing no dTTP

(ANTP-T): mix 1 pL of dATP, 1 pL of dCTP and 1 uL of
dGTP with 197 uL of H,O. Store at -20°C.

7. Biotin-14-dCTP (0.4 mM) (Invitrogen); store at —20°C.

0

10.

11.

1.

. Digoxigenin-11-dUTP (1 mM), (Roche), store at —-20°C.
. Cot-I DNA (Invitrogen, from human placental DNA) (see

Note 3) Concentrate by ethanol precipitation to 10 pg/ul:

(a) add 0.05 vol. of 5 M NaCl and 2.5 vol. of 96% ethanol,
keep at —20°C overnight or at —-80°C for 2 h

(b) spin down for 10 min at 14,000 x4 at 4°C, and carefully
remove the supernatant

(c) add 0.5 mL 70% ethanol, spin down for 10 min at
14,000x g at 4°C, carefully remove the supernatant,
repeat this step one more time

(d) dry the pellet (let the tube stand open for several min-
utes, do not allow to overdry)

(e) dissolve in H,O, store at -20°C

DNA polymerase 1, Escherichia coli (Invitrogen), store at
-20°C.

Salmon sperm DNA (Sigma), store at -20°C.

MM 2.1 hybridization buffer:

(a) mix 0.5 mL 20x SSC, 5.5 mL formamide and 1 mL
H,0

(b) add 1 g dextran sulfate, dissolve for 2-3 h at 70°C, set

pH to 7.0 with either HCI or NaOH (dextran sulfate has
a pH 6-8, and formamide becomes acidic with time)

(c) store at -20°C

2. Formamide (Sigma)

. 9 mm round glass coverslips
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10.

11.
12.

. 20x 20 mm glass coverslips

. “Fixo gum” rubber cement (Marabuwerke GmbH & Co)

. 20x SSC

. Tween-20 (Sigma)

. Nonfat milk powder (Sigma)

. Antibody dilution solution: 4x SSC, 0.05% Tween-20, 5%

nonfat milk powder

Cy3-conjugated streptavidin (Jackson Immuno Research
Laboratories)

Biotinylated anti-avidin D (Vector Laboratories)

Fluorescent antibody enhancer set for digoxigenin detection
(Roche Applied Science):

(a) solution 1: anti-DIG monoclonal antibody against digox-
igenin, mouse 1gG1

(b) solution 2: anti-mouse-1g-DIG, F(ab’)2, fragment from
sheep

(c) solution 3: anti-DIG-Fluorescein, Fab fragments from
sheep

3. Methods

3.1. The Comet Assay

3.1.1. Slide Preparation
for the Comet Assay
(Precoating)

3.1.2. Embedding Cells
in Agarose (Work Quickly
as the Agarose Sets
Quickly at Room
Temperature!)

. The slides for precoating should be grease-free; clean if neces-

sary by soaking in alcohol and then wiping dry with a clean
tissue.

. Dip slides in a vertical staining jar of melted 1% standard aga-

rose in H20.

. Drain off excess agarose, wipe the back clean and dry by leav-

ing on a clean bench overnight.

. Melt the LMP agarose by heating carefully (with cap loose!)

in microwave oven. Then place in water bath at 37°C and
allow time for it to equilibrate to this temperature.

. Suspend cells (after gentle trypsinization in the case of

attached cells in culture, or after disaggregation of tissue) at
10%/mL in PBS.

. Place an aliquot of 40 pL in a microcentrifuge tube.

4. Quickly add 140 pL of 1% LMP agarose at 37°C and mix by

aspirating agarose up and down (once) with pipette.

. Place two 70 uL aliquots (use same pipettor tip) on one slide.

. Cover each drop with a 20x20 mm coverslip. Leave slides in

fridge for 5 min.



3.1.3. Lysis

3.1.4. Enzyme Treatment

3.1.5. Alkaline
Electrophoresis
(see Note 4)

3.1.6. Neutral
Electrophoresis
(see Note 4)
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. Add 1 mL Triton X-100 to 100 mL of lysis solution (4°C).

. Remove coverslips from slides and place in this solution in a

(horizontal) staining jar.

. Leave at 4°C for 1 h.

. Prepare 300 mL of enzyme reaction buffer. Put aside 1 mL

for enzyme dilutions.

. Wash slides in three changes of this bufter (4°C) in staining

jar, for 5 min each.

. Meanwhile, prepare dilutions of enzyme. The final dilution of

the working solution will vary from batch to batch.

. Remove slides from last wash, and dab off excess liquid with

tissue.

. Place 40-50 pL of enzyme solution (or buffer alone, as con-

trol) onto gel, and cover with a coverslip.

. Put slides into moist box (to prevent desiccation) and incu-

bate at 37°C for 30 min.

. Gently place slides on platform in tank, and immerse in cold

(4°C) alkaline electrophoresis solution, forming complete
rows (gaps filled with blank slides).

. Make sure that tank is level and gels are just covered. Leave

40 min. Alkaline treatment and electrophoresis are carried
out at 4°C.

. For most tanks (i.e. of standard size), run at 25 V (constant

voltage setting) for 30 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 (see Note 5).

. Neutralize by washing for 10 min with PBS in staining jar at

4°C, followed by 10 min wash in water.

. Proceed to staining while gels are wet: OR prepare for FISH

as described below.

. Dry (room temperature) for storage.

. Rinse the slides two times each in jars with 1x TBE buffer at

4°C.

. Gently place on platform in tank, immersed in cold (4°C) 1x TBE

bufter, forming complete rows (gaps filled with blank slides).

. Make sure that tank is level and gels are just covered.

4. Electrophorese at 25 V for 30 min at 4°C.
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3.2. FISH on Gomets

3.2.1. Probes

3.2.2. Labeling of DNA
Probes by Nick Translation

5. Proceed to staining while gels are wet: OR prepare for FISH
as described below.

6. Dry (room temperature) for storage.

When using standard FISH on comets, special care is required to
avoid possible problems (see Note 6). After the electrophoresis
step of the comet assay, prepare slides for FISH by incubating in
96% ethanol for 30 min at 4°C, then in 0.5 M NaOH for 25 min
and finally dehydrate through 70, 84, and 96% ice-cold ethanol
(see Note 7).

A number of commercial FISH probes are available from different
companies. If these probes are used, general protocols recom-
mended by the supplier are followed with some modifications —
described in the technical notes. However, for some applications,
there are no commercial probes available, and so you must prepare
them yourself.

Before carrying out experiments with comet DNA, it is advis-
able to check (by hybridization with human metaphase spreads)
that each probe produces low unspecific hybridization (to ensure
a high signal-to-noise ratio).

Human Cot-I DNA and purified large insert bacterial clones
(cosmids, PAC or BAC clones) containing human genomic DNA
inserts can be labeled with botin-14-dCTP or digoxigenin-11-
dUTP by conventional nick translation. To label approximately
14 pg DNA in a final volume of 100 puL (adjusted with sterile
distilled water), the following steps are performed (scaling up or
down is possible):

1. Prepare the reaction mix by adding the reagents in order.
Work on ice.
(a) Biotin-14-dCTP reaction mix:

e distilled water (calculate the amount for the final vol-
ume of 100 uL)

¢ 10x nick translation buffer: 10 uLL
e DNA probe: 14 ug
e dNTP-C: 7.5 uL (0.5 mM each)
* biotin-14-dCTP: 6.25 uL.
e DNA polymerase I: 40 units

(b) Digoxigenin-11-dUTP reaction mix:

e distilled water (calculate the amount for the final vol-
ume of 100 pL)

* 10x nick translation buffer: 10 uLL
* DNA probe: 14 ug
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3.2.3. DNase Titration 1.

(ANTP-T): 6 uL (0.5 mM each)
(ANTP-A): 1.5 uLL (0.5 mM each)
e digoxigenin-11-dUTD: 2 uLL
DNA polymerase I: 40 units

. Mix, and centrifuge using bench microcentrifuge.

. Add 4 pL of DNase I (using the optimal dilution established
by titration, see Subheading 3.2.3). Mix, and spin down using
bench microcentrifuge.

. Place the tube with reaction mix in water bath at 13-14°C for
30 min.

. Immediately after that add 10 uL of 0.5 M EDTA and put
the reaction mix on ice.

. Add 5 pL of 5 M NaCl and 300 pL 96% ethanol, keep at
-20°C overnight or at -80°C for 2 h.

. Centrifuge for 10 min at 4°C at 14,000 x 4.

. Remove supernatant and add 500 pL of cold 70% ethanol.

. Centrifuge for 5 min at 4°C at 14,000xg, remove
supernatant.

. Repeat the ethanol wash step.

. Remove the supernatant, briefly dry the pellet, dissolve in
15 puLL H,O, store at -20°C until use.

Make the following dilutions of DNase I in 50% glyc-
erol/1.5 M NaCl: 1:10, 1:50, 1:100, 1:250, 1:500, and
1:1,000.

. For each dilution, make a separate reaction mix (work
on ice):
(a) 5 uL nick translation bufter
(b) 1 ug genomic DNA (total genomic DNA from different

organisms as well as large-insert genomic clones can be

used)
(¢) 2 uL DNase I
(d) distilled water up to 50 pL.

. Place the reaction mixes in a water bath at 13-14°C for
30 min.

. Check the length of the resulting DNA fragments by agarose
gel electrophoresis; select the dilution producing fragments
0t 100-500 bp for further use in nick translation experiments.
The dilutions can be stored at -20°C and retitrated if the
fragment size in nick translation reactions is increased or if a
much stronger background appears when FISH signals are
visualized.
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3.2.4. Preparation
of Hybridization Mix

3.2.5. Probe Denaturation
and Start of Hybridization

3.2.6. Posthybridization
Washes (see Note 8)

Hybridization reaction mix contains labeled DNA probe (or
probes), salmon sperm DNA, Cot-I DNA (not labeled, when it is
used as a blocking agent rather than a probe), 1x SSC, 0.1 mg/
mL dextran sulfate, 55% formamide.

(a) To prepare 15 pL of hybridization mix with genomic DNA

clones used as probes, mix:

e 100 ng labeled DNA probe
e 10.5 uL. MM 2.1 buftfer

e 20 ug Cot-I DNA

e 10 pg salmon sperm DNA

e adjust the volume to 15 mL with distilled water. Scaling up
or down is possible.

(b) To prepare 15 uL of hybridization mix with labeled Cot-I

N =

DNA used as probes, mix:

* 100 ng labeled Cot-I DNA

e 10.5 uLL MM 2.1 buffer

e 1 pg salmon sperm DNA (optional)

e adjust the volume to 15 mL with distilled water. Scaling up
or down is possible.

. Denature probe in a water bath at 70°C for 10 min.
. Transfer to 37°C for preannealing for 1 h (this step is omitted

when labeled Cot-I DNA is used as a probe).

. Pipette 3—4 pL of the probe mix onto slide, cover with 9 mm

round coverslip, seal with rubber cement. More of the probe
mix can be used under bigger coverslips, e.g. up to 30 puL of
the mix is used under a 20 x20 mm coverslip. Plastic cover-
slips cut from a standard overhead transparency film can be
also used as they are flexible and easier to remove after hybrid-
ization is finished.

. Incubate in a humid box overnight at 37°C. A shorter time of

incubation (down to 1 h) is possible when Cot-I DNA is used
as a probe.

. Prepare three jars containing 50% formamide/2x SSC and

two jars with 2x SSC.

. Warm the jars to 42°C in a water bath. Remember that the

temperature in the jars will be a couple of degrees lower than
in the water bath.

. Carefully remove the rubber cement from the slides and place

them in a jar with 2x SSC at room temperature for 10 min or
until the coverslips are washed oft.

. Transfer the slides into one of the jars with 50% formamide /2x

SSC at 42°C, incubate for 5 min.



3.2.7. Preparation
of Antibody Detection
Solutions

3.2.7.1. Antibody Solutions
for Detection of Probes
Labeled with Biotin

3.2.7.2. Antibody Solutions
for Detection of Probes
Labeled with Digoxigenin

3.2.7.3. Antibody Solutions
for Simultaneous Detection
of Probes Labeled with
Biotin and Probes Labeled
with Digoxigenin
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. Incubate for 5 min each in the second and third jar with 50%

formamide/2x SSC.

. Wash the slides for 5 min each in the two jars of 2x SSC at

42°C.

. Transfer the slides to a jar with 4x SSC, 0.05% Tween-20 for

10 min at room temperature.

. Prepare 500 mL (or more, depending of the number of slides

used) wash buffer (WB): 4x SSC, 0.05% Tween-20.

. Prepare antibody dilution solution: 4x SSC, 0.05% Tween-

20, 5% nonfat milk powder.

. Depending on the probe’s label, prepare detection solutions

as described below (Subheading 3.2.7, steps 1-3).

. The amount of detection solution per one slide per incuba-

tion is given and should be scaled up in accordance with the
number of slides used.

. After all the components of the solutions are mixed, spin the

tubes down using a bench microcentrifuge, let stand for 10 min
in a dark place at room temperature, centrifuge for 10 min at
14,000 x 4 at room temperature and, finally, transfer the super-
natant to fresh tubes. Keep in a dark place before use.

. The solutions should be used the same day.

. Detection solutions 1 and 3: mix 2 pL of Cy-3 conjugated

streptavidin with 98 pL of the antibody dilution solution.

. Detection solution 2: mix 1 pL antiavidin-D with 99 uL of

the antibody dilution solution.

. Detection solution 1: mix 4 pL of solution 1 from the fluo-

rescent antibody enhancer set for digoxigenin detection with
96 uL of the antibody dilution solution.

. Detection solution 2: mix 4 pL of solution 2 from the fluo-

rescent antibody enhancer set for digoxigenin detection with
96 uL of the antibody dilution solution.

. Detection solution 3: mix 4 pL of solution 3 from the fluo-

rescent antibody enhancer set for digoxigenin detection with
96 UL of the antibody dilution solution.

For simultaneous detection of probes labeled with biotin and
probes labeled with digoxigenin in the same hybridization reac-
tion, combine the solutions of antibodies as follows:

1. Detection solution 1: mix 2 uL of Cy-3 conjugated streptavi-

din and 4 pL of solution 1 from the fluorescent antibody
enhancer set for digoxigenin detection with 94 uL of the
antibody dilution solution.
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2.

Detection solution 2: mix 1 uLL antiavidin-D and 4 pL of solution
2 from the fluorescent antibody enhancer set for digoxigenin
detection with 95 pL of the antibody dilution solution.

. Detection solution 3: mix 2 uL of Cy-3 conjugated streptavi-

din and 4 pL of solution 3 from the fluorescent antibody
enhancer set for digoxigenin detection with 94 uL of the
antibody dilution solution.

3.2.8. Signal Detection Perform all the incubations in a humid box at 37°C under para-
film coverslips. Do not allow slides to dry at any stage of the
detection process.

1.

Drain the slides and apply 100 pL of the antibody dilution
solution under parafilm coverslips

. Incubate for 30 min at 37°C in a humid box, remove the

parafilm and let the solution drain onto a tissue.

. Apply 100 pL of antibody detection solution 1, cover with

parafilm and incubate for 40-60 min at 37°C in a humid box.

. Remove the parafilm and wash three times in WB at room

temperature.

. Apply 100 pL of antibody detection solution 2, cover with

parafilm and incubate for 40-60 min at 37°C.

. Repeat steps 4, 3 and 4 (in that order).
. Dehydrate the slides in 70, 80, and 95% ethanol for 5 min

each and air dry.

Stain the gels with 20 pL. of DAPI prepared in Vectashield
(Vector Laboratories).

. Alternative stains: Propidium iodide (2.5 nug/mL), Hoechst

33258 (0.5 ug/mL), SYBR Gold (0.1 uL./mL) or ethidium
bromide (20 ug/mL) can be used in place of DAPI for the
visualization of comet DNA.

. Visualize and record the signals using appropriate filters;

overlay the recorded images.

3.2.9. Signal Visualization 1.
2
3
4. Notes
1

. Theoretical note: though the comet assay is used by many

laboratories, it is still not completely understood what hap-
pens when damaged DNA is electrophoresed. In conven-
tional comet experiments, it is common to describe DNA in
the tail as damaged and DNA in the head as undamaged.
However, FISH experiments have shown very clearly that
there are two factors determining where a particular sequence
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of DNA will be located, i.e. whether it is able to “escape” into
the tail: this will depend not only on the presence or absence
of damage, but also on the organization of the chromatin.

2. The bufter in which enzyme is stored may contain 3-mercap-
toethanol to preserve the enzyme. However, inclusion of
sulthydryl reagents in the reaction buffer would significantly
increase background DNA breakage.

3. The Cot value of a particular DNA sequence is defined as the
product of the nucleotide concentration (Co, in moles of
nucleotides per liter), its reassociation time (#, in seconds),
and an appropriate buffer factor based upon cation concen-
tration. Cot-I DNA is the fraction of total DNA with low Cot
value consisting largely of highly repetitive sequences.

4. 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.

5. The voltage depends on tank dimensions. 0.8 V/cm is rec-
ommended, calculated on the basis of the distance across the
platform (where the conducting layer is least deep and the
resistance highest). The changes in voltage/current/resis-
tance across the tank from electrode to electrode, and the
conditions within the gel, provide an interesting exercise in
simple theoretical physics.

6. In comparison with the usual chromosomal DNA prepara-
tions that are strongly attached to a glass slide, comets are
fragile, and not so strongly attached. Agarose gels can melt or
detach under the standard stringent FISH conditions required
for large DNA probes. All the steps, including slide prepara-
tions, posthybridization washes, and signal detection should
be performed in the smallest possible volumes of solutions, to
minimize the risk of agarose being dislodged. Recommended
times in FISH protocols should be strictly adhered to, keep-
ing processing times as short as possible.

7. Aslow melting point agarose normally used for making comet
gels would melt at the temperature used for DNA denatur-
ation in standard chromosomal preparations (70°C in 70%
formamide/2x SSC), chemical denaturation with 0.5 N
NaOH for 25 min is used. It is likely that unbroken DNA, in
still-supercoiled loops, will undergo a considerable degree of
renaturation on neutralization, while broken, relaxed loops
will unwind completely and show little renaturation.

8. Another technical obstacle linked to the presence of agarose
is that it takes more time for all the solutions to penetrate the
gels. Additional washing rounds are therefore introduced in
the protocol during the posthybridization and signal detec-
tion steps.
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Chapter 11

Simultaneous Labeling of Single- and Double-Strand DNA
Breaks by DNA Breakage Detection-FISH (DBD-FISH)

José Luis Fernandez, Dioleyda Cajigal, and Jaime Gosalvez

Abstract

DNA Breakage Detection-Fluorescence In Situ Hybridization (DBD-FISH) permits simultaneous and
selective labeling of single- and double-strand DNA breaks in individual cells, either in the whole genome
or within specific DNA sequences. In this technique, cells are embedded into agarose microgels, lysed
and subjected to electrophoresis under nondenaturing conditions. Subsequently, the produced “comets”
are exposed to a controlled denaturation step which transforms DNA breaks into single-stranded DNA
regions, detected by hybridization with whole genome fluorescent probes or the probes to specific
DNA sequences. This makes possible a targeted analysis of various chromatin areas for the presence of
DNA breaks. The migration length of the DBD-FISH signal is proportional to the number of double
strand breaks, whereas its fluorescence intensity depends on numbers of single-strand breaks.

The detailed protocol for detection of two types of DNA breaks produced by ionizing radiation is
presented. The technique can be used to determine intragenomic and intercellular heterogeneity in the
induction and repair of DNA damage.

Key words: DBD-FISH, FISH, DNA damage, DNA breaks, Comet assay

1. Introduction

DNA Breakage Detection-Fluorescence In Sitn Hybridization
(DBD-FISH) is a technique that permits determination of DNA
breaks in the whole genome or within specific DNA sequence
areas, cell by cell (1-3). The approach consists of embedding
single cells in an inert agarose matrix on a slide, followed by
incubation in one or two lysing solutions to remove proteins
and membranes. This produces nucleoids, i.e. deproteinized
nuclear DNA fiber loops that keep the general shape of the
residual nucleus. Afterwards, the nucleoids are immersed in an

Vladimir V. Didenko (ed.), DNA Damage Detection In Situ, Ex Vivo, and In Vivo: Methods and Protocols,
Methods in Molecular Biology, vol. 682, DOI 10.1007/978-1-60327-409-8_11, © Springer Science+Business Media, LLC 2011
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alkaline unwinding solution that transforms all DNA breaks, i.c.
single-strand DNA breaks (ssbs) and double-strand DNA breaks
(dsbs) into restricted single-stranded DNA (ssDNA) motifs (4—6).
Certain other DNA lesions, like abasic sites or some deoxyribose
damage, behave as alkali-labile sites and may also be transformed
by the alkaline solution into ssbs and subsequent ssDNA
areas (7, 8).

These ssDNA motifs produced by alkaline treatment are
detected by hybridization with fluorescent DNA probes. It was
confirmed that after exposure to X-rays, as numbers of DNA
breaks increase, more ssDNA is produced by the alkaline unwind-
ing, thus more probes hybridize and more fluorescence is observed
(9). This may be captured by a high sensitivity CCD camera cou-
pled with a fluorescence microscope, and quantified using specific
software for image analysis. DNA breaks are determined all over
the genome when a whole genome probe is used in hybridiza-
tion. When probes which hybridize to specific DNA regions are
used, they permit detection and quantification of the local dam-
age within these specific areas (9). Thus, DBD-FISH allows for
simultaneous assessment of both the intercellular and intrage-
nomic sensitivity to DNA damage induction and /or repair.

DBD-FISH is a versatile procedure that can be adapted for
different purposes. For example, it can detect DNA regions
hypersensitive to DNA denaturation. These constitutive alkali-
labile sites vary depending on the cell type and the species and are
likely related to native chromatin structure (10-14).

Ionizing radiation produces both ssbs and dsbs, the latter
being induced 25-40 times less frequently (15, 16). More recently,
DBD-FISH has allowed simultaneous detection and discrimina-
tion of ssbs and dsbs, induced by ionizing radiation, in the same
cell and within specific DNA sequence areas, as well as in the
whole genome (17-19). This was achieved by intercalating a
neutral electrophoresis run before the unwinding step. Thus,
migration produces a DBD-FISH signal with a head and a tail as
in the comet assay, the length of which is related to the dsbs
yield (16, 20). The DNA breaks, mainly ssbs spread all over
the comet, are transformed into ssDNA by the adapted alkaline
unwinding treatment, so that the intensity of fluorescence
reflects the quantity of ssbs. The utility of the technique can
be expanded by adding to it a bidimensional electrophoresis,
which uses neutral pH in the first run and denaturing conditions
in the second perpendicular run (21). This approach permits
discrimination between ssbs and dsbs present in the same cell.
Since the technique of DBD-FISH has been extensively detailed
by us in the other volume of Methods in Molecular Biology (1),
the protocol presented here describes the combination of DBD-
FISH with electrophoresis.
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2. Materials

2.1. Reagents
and Technical
Equipment

2.2. Solutions

2.2.1. Slide Preparation

2.2.2. FISH

[ N2 T VI S

. Normal melting point agarose.

. Low melting point agarose.

. Distilled water.

. Pretreated slides (Chromacell SL, Madrid, Spain).
. Electrophoresis power and chamber.

. Epifluorescence microscope with appropriate filters and

objectives.

7. High-sensitivity CCD camera coupled to a computer.

o

. Image analysis software (Visilog 5.1, Noesis Vision Inc., Ville

St-Laurent, Quebec, Canada).

. Lysing solution 1: 0.4 M Tris—-HCI, 0.8 M DTT, 1% SDS, 0.05 M

EDTA, pH 7.5. Store at 4°C and use at 42°C in a hood.

. Lysing solution 2: 0.4 M Tris—HCl, 2 M NaCl, 1% SDS. Store

at 4°C and use at 42°C.

. TBE butffer: 0.09 M Tris—Borate, 0.002 M EDTA, pH 7.5.

Store at room temperature.

4. Isotonic saline solution: 0.9% NaCl. Store at 4°C.

. Alkaline unwinding solution: 0.03 M NaOH, pH 12.2. Make

fresh and keep cold at 4°C. It is generally used at 7°C.

. Neutralizing solution: 0.4 M Tris—HCIL, pH 7.5. Store at 4°C

and use at room temperature.

. Ethanol baths, 70%, 90% and 100%.

. DNA probes for FISH directly labeled with fluorochromes or

with hapten (e.g. biotin or digoxigenin).

An increasing variety of human DNA probes are avail-
able. DNA probes may be directed to specific families of
repetitive DNA sequences, i.e. satellite DNA, like the classical
satellite or alphoid satellite DNA probes, and also telomeric
probes. There are “painting” probes to label most of DNA
from a specific chromosome, cosmid or YAC probes and oli-
gonucleotide probes for specific DNA sequences or chromo-
some regions. All are habitually supplied with their specific
hybridization buffer. Suppliers provide information on prepa-
ration, incubation, washing, and detection conditions.

A small number of examples of human DNA probes in
hybridization buffer are presented:

(a) Chromosome-specific satellite DNA probes (0.5 ng/uL
final concentration) in 65% formamide/2x SSC, 10%
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dextran sulfate, 100 mM calcium phosphate, pH 7.0 (1x
SSCis 0.015 M NaCitrate, 0.15 M NaCl, pH 7.0).

(b) Whole genome (4.3 ng/uLl final concentration), or
Telomeric or Pancentromeric (all human alphoids)
(0.5 ng/uL final concentration) DNA probes, in 50%
formamide/2x SSC, 10% dextran sulfate, 100 mM cal-
cium phosphate, pH 7.0.

Formamide is a potential carcinogen. It should be used in a
deionized form.

. DNA probe washing solutions. All should be freshly prepared

and used at specific temperatures, depending on the strin-
gency of the probe washings, as described in the methods (see
Subheading 3.2.2, step 2).

. Blocking solution: 5% BSA, 4x SSC, 0.1% Triton X-100.

Store in aliquots at —-20°C.

. Detection reagent, e.g. streptavidin-Cy3 (Sigma, St. Louis,

MO) for biotin-labeled probes, freshly diluted (1:200) in
antibody detection buffer (1% BSA, 4x SSC, 0.1% Triton
X-100), and (if both biotin and digoxigenin labeled probes
were incubated in the same slide)/or anti-digoxigenin-FITC
(Roche Molecular Biochemicals, Indianapolis, IN) (1:100) in
the same buffer. The antibody detection buffer is stored in
aliquots at —20°C.

. Antibody washing solution (4x SSC, 0.1% Triton X-100, pH 7).

Store at 4°C.

. Counterstaining — Antifading solution: DAPI (2 ug/mL) in

Vectashield (Vector Laboratories, Burlingame, CA). Store at
4°C in the dark. DAPI is a potential carcinogen.

3. Methods

3.1. Slide Preparation

3.1.1. Microgel Embedding
of Cell Suspension

. In a glass tube, dissolve 1% low melting point agarose in dis-

tilled water by microwave heating and keep the tube in a 37°C
water bath at for at least 5 min to achieve this temperature.

. Gently mix single cells in a suspension of culture medium,

using a micropipette, with the low melting point agarose
solution at 37°C to arrive at a final concentration of 0.7%.
Cell concentration should be checked under phase-contrast
microscopy and adjusted so that, after mixing with the aga-
rose, cells do not overlap or are not excessively dispersed.

. Pipette 50 pL of the cell-agarose suspension onto the coated

surface of a pretreated slide (Chromacell SL, Madrid, Spain)
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then cover with a 24 x60 mm glass coverslip, taking care to
avoid trapping any bubbles. The slide is deposited on a metallic
or glass surface.

4. Place the metallic or glass plate in the freezer at 4°C for 5 min
to solidify the agarose on the slide. The cell density of the
microgel can be checked again under phase-contrast micros-
copy (see Notes 1 and 2).

3.1.2. Nucleoid Production 1. Remove coverslip and immediately immerse slide horizontally
in a tray with abundant lysing solution 1, previously warmed to
42°C, and place in an oven at this temperature for 45 min.

2. Immerse slide horizontally in a tray with abundant lysing solu-
tion 2, also heated and kept at 42°C for 45 min (see Note 3).

3.1.3. Electrophoretic DNA 1. Incubate slide horizontally in a box with abundant TBE
Migration Under Neutral pH buffer for 10 min.

2. Transfer slide to the electrophoresis chamber and electro-
phorese at 20 V (1 V/cm), 12 mA, for 10-15 min at room
temperature (22°C) in TBE bufter.

3. Wash electrophoresed nucleoids in a tray with abundant iso-
tonic saline solution for 2 min (see Note 4).

3.1.4. Transformation 1. Prepare fresh alkaline unwinding solution and store at 4°C.
of DNA Breaks into sSDNA Transfer to a tray on ice until the temperature stabilizes at 7°C.

2. Remove the coverslip and immediately immerse the slide hor-
izontally in the tray with alkaline unwinding solution for
2.5 min at 7°C. During this incubation, cover the tray with a
sheet of aluminum foil to avoid light-induced DNA damage
(see Notes 5-7).

3.1.5. Neutralization 1. Horizontally immerse the slide in neutralizing solution at
Washing and Dehydration room temperature for 5 min.

2. Horizontally immerse the slide in TBE buffer at room tem-
perature for 2 min.

3. Incubate slide sequentially with 70%, 90% and 100% ethanol
baths, 2 min each, at room temperature.

4. Leave slide to dry horizontally on a sheet of filter paper, at
room temperature or at 37°C, for 10-15 min. This causes the
agarose layer to flatten, resulting in a very thin film with the
nucleoids inside. After drying, the slides can be used immedi-
ately for hybridization or may be stored at room temperature
in darkness for at least a month.

3.2. FISH Denatured or single-stranded DNA probes, either directly labeled
with fluorochromes or hapten-labeled, are incubated on dried

3.2.1. DNA Probe slides. All types of probes can be hybridized.

Hybridization
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3.2.2. DNA Probe Washings

3.2.3. DNA Probe Detection

. Denature double-stranded DNA probe at 70°C for 8 min in

an Eppendort tube, with its specific hybridization buffer.
Then immediately put on ice for 2—-3 min.

. Pipette 15 pL of probe solution onto the slide and cover with

a coverslip (10x60 mm). At least two probes or probe com-
binations may be hybridized on the same slide, as long as
their hybridization, incubation and washing conditions are
the same. Then, encircle the slide with plastic parafilm, to
avoid probe drying during incubation.

. Incubate overnight in a dark moist chamber, lined with two

sheets of wet filter paper. We incubate all probes at 37°C,
except whole genome and telomeric probes, which are kept at
room temperature (see Note 8).

. Remove glass coverslip by gently immersing the slides verti-

cally in a Coplin jar containing isotonic saline solution at
room temperature.

. Wash out unbound DNA probe by incubation in Coplin jars

containing formamide /SSC solutions and then in SSC solutions,

with gentle agitation, their stringency being that appropriate

for the chosen probe.

(a) Specific human alphoid satellite DNA probes: two washes
in 60% formamide/2x SSC, pH 7, 42°C, 5 min each, fol-
lowed by two washes in 2x SSC, pH 7, 37°C, 3 min each.

(b) Specific human classical satellite DNA probes: two washes
in 50% formamide/2x SSC, pH 7, 42°C, 5 min each, fol-
lowed by two washes in 2x SSC, pH 7, 37°C, 3 min each.

(c) Human pancentromeric probe: two washes in 50% for-
mamide/2x SSC, pH 7, 37°C, 5 min each followed by
two washes in 2x SSC, pH 7, 37°C, 3 min each.

(d) Whole genome probe and telomeric probe: similar to the
latter, but with all solutions at room temperature.

. Transfer briefly to a Coplin jar containing antibody washing

solution.

. Remove slide from the antibody washing solution and blot

excess fluid from the edge. Slides incubated with directly flu-
orescent-labeled probes are directly counterstained, whereas
those with hapten-labeled probes are subjected to the detec-
tion steps.

. Pipette 90 uL of blocking solution onto the slide and cover

with a plastic coverslip. Incubate for 5 min at 37°C in a moist
chamber.

. Remove coverslip and tilt slide briefly to allow excess fluid to

drain.
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Counterstaining
and Microscopy

3.3. Image Capture
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3.

Apply 90 uL of detection reagent solution (streptavidin-Cy3
for biotin-labeled probes and/or anti-digoxigenin-FITC for
digoxigenin-labeled probes) to the slide. Place a plastic cover-
slip on top of the solution, and incubate for 30 min in a
humidified chamber at 37°C.

. Remove coverslip and gently agitate in three volumes of anti-

body washing solution at room temperature, 2 min each.

. Remove slide from the antibody washing solution and blot

excess fluid from the edge (see Note 9).

. Pipette 20 pL. of Counterstaining-Antifading solution onto

slide and cover with a 24 x 60 mm glass coverslip, avoiding
trapping air bubbles.

. Visualize DAPI-stained nucleoids under an epifluorescence

microscope using 10x, 40x and 100x objectives and a specific
“blue” fluorescence filter. DBD-FISH signal is observed
under 40x or 100x objectives, but using the appropriate fluo-
rescence filter for the fluorochrome (“red” filter for Cy3,
“green” filter for FITC).

Images are captured with a high-sensitivity CCD camera, such as
the Ultrapix-1600 (Astrocam, Microphotonics Inc., Allentown,
PA), which has a 1,536 x 1,024 pixel spatial resolution and distin-
guishes more than 16,000 gray level values.

1.

2.

Images are acquired using an intermediate resolution level
(e.g. 3x 3 binning factor).

The exposure time for image capture is determined by taking
the highest and lowest signal intensities of the whole experi-
ment into account. The highest signal intensity should be
captured without gray level saturation within its field and the
lowest signal intensity should be clearly discriminated. Always
use the same objective (100x) and zoom magnification (1.5x)
with the microscope. All subsequent images are taken at the
same resolution level and exposure time.

. Two calibration steps are necessary before fluorescent images

can be captured:

(a) Areference image from the current black level is obtained,
corresponding to the electronic noise detected by the
CCD camera under the specific conditions of image
acquisition.

(b) A flatfield image is captured from a dark area of the glass
slide, without a FISH signal. This image must be acquired
using the same filter, objective and magnification as are
the DBD-FISH signals. It is a reference image of illumi-
nation variation within the visualization field in the sample
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3.4. Digital Image
Analysis

due to the autofluorescence microscope optics, CCD
sensitivity or external sources. Each glass slide should
have its own flatfield image.

4. A sequence of 25-150 randomly selected images from DBD-
FISH signals per experiment point is captured.

5. The black level and flatfield calibration images previously
taken are subtracted from the images of the sequence, thus
correcting them for background noise and illumination
variation.

6. The sequence of images is saved in a file in the format of the
camera (.apf).

7. A new sequence of images from a different experimental point
is then captured, corrected for black level and flatfield images,
saved, and so on.

8. Each sequence of images to be analyzed is exported from .apf
into .img files (imager 2), in our case, since our digital image
analysis system cannot operate with the file type of the camera.
The transformation does not modity the gray levels, and each
image appears separately and numbered.

The images captured with the CCD camera are analyzed using
image analysis software. We have designed two semiautomatic
routines that can run within an open system such as Visilog 5.1
(Noesis). One routine is dedicated to the analysis of the large
extended DBD-FISH signals from the whole genome probe,
while the other analyzes spot-like signals typical of those obtained
with the rest of the probes. The main difference between the two
routines is that the latter incorporates a “top-hat” transformation
to highlight the spots.
The main steps in the digital image analysis are:

1. Selection of the area of interest within the whole image. This
is usually a rectangle selected by the operator in the region
containing the specific signal to be analyzed, and includes
surrounding background fluorescence.

2. Thresholding to obtain a binary image. A fixed gray level of
segmentation is chosen so the DBD-FISH signal is separated
from the background. Higher gray levels correspond to DBD-
FISH fluorescence, while lower gray levels correspond to
background fluorescence.

3. The mean gray level from the background is automatically
subtracted from the gray level corresponding to each pixel
from the DBD-FISH signal.

4. Four main variables are measured for each DBD-FISH signal
image, and are exported as .txt files to an Excel spreadsheet
for statistical analysis.
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(a) Surface area (A): number of pixels. DNA breaks relax the
DNA loops of the nucleoids, thus increasing the surface
of the signal.

(b) Length of migration (L): linear number of pixels, from
one end to another end of the DBD-FISH signal, in the
direction of the electrophoresic field.

(c) Mean Fluorescence Intensity (MFI): average pixel gray
level.

(d) Whole Fluorescence Intensity (WFI=AxMFI): This is
the sum of the gray levels from all pixels comprising the
DBD-FISH signal. It should correspond to the entire
quantity of hybridized probe.

5. When studying the dose-response effect within specific DNA

targets to compare their possible differential sensitivity, the
relative increase in the intensity (ssbs) and migration length
(dsbs) of the DBD-FISH signal, with respect to its back-
ground signal, must be established for each target. This gen-
erates a dose-response curve for each target. The comparison
of the coefficients of the dose-response curves provides infor-
mation of the relative sensitivity among the different targets
(see Notes 10 and 11).

6. When studying repair of ssbs within a target, the MFI of the

control-untreated sample must be subtracted from that of the
damaged samples. The remaining intensity should then be
plotted as a function of repair time. When analyzing dsbs
repair, the same operations must be performed, but on migra-
tion length.

4. Notes

. Several microgels may be prepared on a single slide. This

is habitually performed when analyzing DNA repair after
exposure of a single dose of the DNA damaging agent. Four
different repair times, as well as a zero dose and a damaged-
unrepaired sample, can be analyzed on a single slide, each in
a different microgel. Thus six microgels, three in the upper
half and other three in the lower half of the slide, are simulta-
neously processed in the same slide, under the same technical
conditions. The volume of the cell-agarose suspension to be
pipetted must be proportionally adjusted to the correspon-
dent microgel surface.

. Cells can be exposed to the DNA-damaging agent either

before mixing with the liquid agarose, in suspension or mono-
layer, or when included within the microgel monolayer.
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For dose-response studies of ionizing radiation effect, it is
preferable to expose the cells when they are in the gel on the
microscope slide. To avoid DNA repair, a cold plate is placed
under the slide, taking care not to freeze the agarose layer as
this disrupts the gel and damages the cells. Only a fraction of
cach slide is exposed to the X-rays. An area is always left unex-
posed, either by protecting it or by keeping it out of the irra-
diated field, in order to act as an unirradiated control. At least
three doses may be applied on a single slide, in addition to the
unirradiated area. For DNA repair studies, cells must be irra-
diated in their culture flasks, previously cooled to avoid DNA
repair. Then, the culture medium is changed to one that is
heated to 37°C, and incubated at this temperature for the
time of repair to be assayed.

. The use of two lysing solutions assures effective protein

removal. Lysing solution 1 is probably sufficient, but the
appearance of nucleoid fibers is cleaner and tighter when
using the lysing solution 2 afterwards, allowing a better dis-
crimination of the “core” and “halo” of the nucleoid. These
solutions can be used for shorter times, e.g. 20 min for lysis 1
and 10 min for lysis 2, at room temperature. This is enough
for conventional DBD-FISH. Nevertheless, for successful
electrophoresis DNA migration coupled to DBD-FISH, a
very strong lysis is advisable to allow broken DNA duplexes
to migrate as freely as possible (16). This is the reason to
increase the incubation times to 45 min for each lysis, as well
as to increase the lysing temperature to 42°C.

. It is important to check for the length of electrophoresis

DNA migration. After 8—10 min of electrophoresis, a control
slide is stained with counterstaining-antifading solution and
examined under the fluorescence microscope. This is to assure
that the length of the comet is not higher than the visual field
of the objective. If time is enough, the electrophoresis is
stopped. If not, it may proceed for a few minutes more.

. The ssDNA produced by the alkali may arise by ssbs, dsbs,

alkali-labile sites (i.e. DNA lesions or modifications that turn
into strand breaks by alkaline treatment) (4, 7, 8), and chro-
mosome telomeric ends (9). Except in the case of telomeres,
all of them can be induced by exposure to DNA-damaging
agents or through internal cellular processes such as excision
repair, apoptosis or the action of topoisomerases. In the case
of ionizing radiation, most induced DNA lesions are ssbs and
alkali-labile sites (15, 16). This is why the length of the comet,
or the DBD-FISH signals visualized, is dependent on dsbs,
whereas the intensity of the DBD-FISH signal reflects ssbs
(17). Replicating structures behave as DNA strand breaks
when denatured in alkaline assays (22). Thus, cells in S-phase
could appear with strong labeling after DBD-FISH.
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6. Unwinding begins on both sides of each break and proceeds
along the DNA helix (5, 6). The rate of production or length
of ssDNA produced from a break of origin will be dependent
on the time, temperature, and ionic strength of the alkaline
unwinding solution (5). These variables may be manipulated
for each experimental situation. When analyzing the DNA
breakage level exclusively induced within a specific DNA region,
it is important to restrict the length of the ssDNA extended
from the break as far as possible. This reduces the possibility
of ssDNA being generated from DNA breaks relatively close
to the probed sequence, as these could extend into the probed
area with the consequence that DBD-FISH would not be
absolutely restricted to the specific area. Thus, relatively big
DNA targets like highly repetitive satellite DNA sequence
regions are the best choice for determining internal DNA
damage by DBD-FISH (Fig. 1). When assaying very short
targets, they could be markers of their sensitivity and that of
the surrounding DNA sequences. We suggest an incubation
time of 2.5 min at 7°C since shorter times do not allow the
alkali to diffuse homogeneously to all cells within the gel
matrix (23). If less restrictive conditions are advisable, one
may use from less to more denaturant NaOH 0.03 M at room
temperature (22°C), NaOH 0.03 M 1 M NaCl at 7°C or the
same solution at 22°C, for 2.5 min. Following this order of
solutions, the production of ssDNA is progressively higher
for the same incubation time.

7. It is estimated that 1 Gy of X rays induces 2040 dsbs and
1,000 ssbs (15, 16). Since dsbs are much less frequently pro-
duced than ssbs, it is necessary to apply high doses to produce
significant dsbs to be analyzed, i.c. in the range of 5-50 Gy.
These high doses produce an enormous amount of ssbs, so the
unwinding treatment may denature most of DNA with low
doses, losing the linear increase of signal intensity with dose
and the subsequent ability to relate ssbs with dose. In order to
simultaneously discriminate ssbs and dsbs, the mean intensity
should keep increasing linearly within the high dose range, as
the migration length does. To this purpose, the unwinding
treatment must be quite restrictive. This is other reason for
using the alkaline solution without salt and at 7°C.

8. Several probes with different haptens or fluorochromes can
be simultaneously hybridized, washed and detected, if their
hybridization buffer and washing conditions are similar
(Fig. la). If the hybridization buffer and /or the DNA probe
washings are different, the probe with most stringent hybrid-
ization and washing conditions can be hybridized first. After
the specific washings, the slide with the microgel film is
immersed in increasing ethanol baths (70%, 90%, 100%, 2 min
each) and then air-dried. The new DNA probe with less stringent
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Fig. 1. Mammalian cells processed with the DBD-FISH to simultaneously determine dsbs and ssbs. (a) Chinese hamster
cell line (CHO) exposed to increasing doses of X-rays, from left to right. 0, 12, 25 and 50 Gy. Most chromosomes from this
cell line contain big centromeric blocks of arrays of interstitial telomeric repeat sequences (ITRS). After processing, the
nucleoids were hybridized with a whole genome probe Cy3-labeled (red) mixed with a telomeric probe, FITC labeled
(green). As the dose increases, there is an increase in the migration length (dsbs) and in the fluorescence intensity (ssbs),
in both the whole genome and in the ITRS. (b, ¢) Mouse embryonic fibroblasts control (b) and exposed to 60 Gy of X-rays
(c), processed, hybridized with a DNA probe specific for major satellite DNA Cy-3 labeled (red) and DAPI counterstained
(blue). After irradiation, there is an increase in the migration length (dsbs) and in the fluorescence intensity (ssbs) in the
pericentromeric major satellite DNA repeated sequences. Note that control unirradiated cells show a relatively high
background signal from the ITRS (a, /eff) and from the major satellite DNA sequences (b). This is probably due to a spe-
cific DNA conformation of these repetitive DNA sequences that enhances the alkaline denaturation, i.e. constitutive
alkali-labile sites.

hybridization and washing conditions is then hybridized and
washed. Once the final wash is finished, the detection step
may be initiated with a mixture of the different fluorochrome-
conjugated antibodies to each different hapten-labeled DNA
probe, if necessary.
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9.

10.

11.

Interslide and interexperimental variation is evident in
DBD-FISH results, as in all DNA unwinding techniques. In
each X-ray-irradiated slide, it is important to preserve an unir-
radiated area to provide a control signal to which that of the
exposed area is compared (Fig. la /left, b). It is also desirable
to incubate two different probes on the same slide. This aids
the more accurate evaluation of the relative differences in
labeling between the different targets, in a similarly processed
cell population. If the probes are labeled with the same fluo-
rochrome, they may be hybridized in separate areas of the
slide, including both unirradiated and irradiated regions.
Moreover, if differentially labeled, they may be simultane-
ously or sequentially hybridized in the same area, and then
the same cell measured with different filters to establish the
fluorescence ratio between the signals (Fig. 1a).

Only relative increases in signal intensity and /or length with
respect to background from control cells may be used for
comparison of sensitivities in different targets. This is because
each target has its own genomic size and background signal.
Moreover, the different DNA probes for FISH could have
different labeling efficiencies.

The alkaline unwinding treatment could produce a differ-
ent length of ssDNA from a break, i.e. signal, depending
on the sequence where it is located. If these possible differ-
ences in unwinding-renaturation rate are not corrected for,
one could not be confident in the comparison of sensitivity
among different targets. These differences could be esti-
mated by irradiating deproteinized nucleoids, i.e. X-rays
exposure after lysis (9, 18). Since the different chromatin
structures disappear after lysis, ionizing radiation must
induce DNA breaks practically at random. As a conse-
quence, the DNA breaks per unit length of DNA should
be similar in the different targets. If differences exist among
different targets in relative increase of signal with respect
to background after irradiating deproteinized nucleoids,
these should be due to the different unwinding-denaturation
rate. The slope of the linear dose-response curve obtained
in the whole genome may be divided by that of the specific
DNA sequence, thus obtaining its factor of sensitivity to
unwinding-renaturation from DNA breaks, relative to
that of the genome overall. In the dose-response studies
in the cell with native chromatin, each intensity value of
the signal from a specific DNA sequence is multiplied by
its respective unwinding-renaturation factor, thus cor-
recting for the differences in the unwinding-renaturation
rate. Afterwards, comparisons of the sensitivity of differ-
ent native targets can be more confidently performed. It must
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be taken into account that the range of doses of X-rays
applied to deproteinized nucleoids should be much lower
than those applied to cells with organized chromatin (9,
18), since they are much more sensitive.
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Chapter 12

Co-localization of DNA Repair Proteins with UV-Induced
DNA Damage in Locally Irradiated Cells

Jennifer Guerrero-Santoro, Arthur S. Levine, and Vesna Rapic-0trin

Abstract

This chapter describes a technique in which indirect immunofluorescence is applied to visualize the
process of nucleotide excision repair (NER) at the site of locally induced damage in DNA. UV-irradiation
of cells through an isopore polycarbonate membrane filter generates cyclobutane pyrimidine dimers
(CPD) and (6-4) photoproducts (6-4PP) on a subnuclear area, which corresponds to the size of a pore
on the membrane. Specific antibodies to CPD and 6-4PP define the damaged spot. The NER compo-
nents co-localize at the damaged-DNA subnuclear spot, where the proteins are stained with the appropri-
ate fluorescent antibodies. This relatively simple and affordable method facilitates the examination of the
sequential assembly of NER proteins in the chromatin-embedded DNA photoproducts. The method also
enhances the identification of repair auxiliary proteins and complexes, such as ubiquitin E3 ligases,
involved in the initiation of NER on non-transcribed DNA.

Key words: Nucleotide excision repair, Xeroderma pigmentosum, Cyclobutane pyrimidine dimers,
(6-4) Photoproducts, Isopore polycarbonate filter, Localized UV-irradiation, Indirect immunofluo-
rescence, Tagged-protein, CSK buffer, UV-damaged DNA binding protein 1, UV-damaged DNA
binding protein 2, Cullin 4A, Cullin 4B, Ubiquitin E3 ligase

1. Introduction

1.1. Nucleotide Cells use various molecular mechanisms for repairing damaged
Excision Repair DNA to preserve the integrity of the genome. The major DNA
repair process that removes helix-distorting lesions, including
UV-induced cyclobutane pyrimidine dimers (CPD) and (6-4)
photoproducts (6-4PP), is the nucleotide excision repair (NER)
pathway (1). The general mechanism of NER in humans has been
elucidated primarily through analyses of individuals with the
inherited skin cancer-prone disorder xeroderma pigmentosum
(XP), which is characterized by defects in NER (2, 3) and by

Vladimir V. Didenko (ed.), DNA Damage Detection In Situ, Ex Vivo, and In Vivo: Methods and Protocols,
Methods in Molecular Biology, vol. 682, DOI 10.1007/978-1-60327-409-8_12, © Springer Science+Business Media, LLC 2011

149



150 Guerrero-Santoro, Levine, and Rapic-Otrin

1.2. Application

of Localized Nuclear
Irradiation in Defining
the Role of Repair
Auxiliary Complexes,
Ubiquitin E3 Ligases,
in the Initiation of NER
on Non-transcribed
DNA

reconstitution of the repair reaction zz vitro with purified proteins
(complementation groups XP-A through XP-G) (4, 5). In eukary-
otic cells, NER operates on chromatin-embedded DNA sub-
strates. However, the 2 vivo dynamics of NER in repair-proficient
and -deficient cells remained poorly documented for many years
due to the lack of a suitable methodologic approach.

Development of a method that utilizes an isopore polycar-
bonate membrane filter to produce UV-induced DNA lesions in
a localized area of the cell nucleus (6), combined with indirect
immunofluorescence, gave rise to a simple technique for studying
the assembly and operation of the NER machinery iz vivo (7).
When a cell monolayer is covered with the filter membrane, UVC
radiation exposure to the cells occurs only through pores of
3-8 um diameter, depending on the filter (see Figs. la and 2) (6,
8). Specific antibodies to CPD and 6-4PP (9) define the damaged
subnuclear spot. DNA repair proteins co-localize iz situ at the
damaged DNA, where the proteins and photolesions are stained
with the appropriate fluorescent antibodies. A series of such
experiments conducted in normal and XP cell lines support the
theory based on iz vitro experiments of sequential assembly of
the repair proteins at the site of the damage (7, 10-12). The
current model posits that the NER process results in active
complex intermediates and that the NER reaction progresses
from recognizing the DNA distortion around a lesion, to forma-
tion of an open structure and damage location, to recruiting the
nucleases that excise the damaged DNA fragment, and finally to
re-synthesizing DNA to fill the gap (1).

The NER system includes transcription-coupled repair, which
removes lesions from the transcribed strand of active genes, and
global genome repair, which processes lesions in the non-tran-
scribed DNA. The fibroblasts from XP-E patients have a partial
deficiency in global genome repair due to a defective UV-damaged
DNA binding protein complex (UV-DDB) (13, 14). UV-DDB
comprises two proteins: the 48-kDa UV-damaged DNA binding
protein 2 (DDB2) and the 127-kDa UV-damaged DNA binding
protein 1 (DDBI1), encoded by the DDB2 and DBBI genes,
respectively (15, 16). Mutations in DDB2 cause the XP-E pheno-
type (13,17, 18). Although UV-DDB binds readily to fragments
of DNA that contain various types of damage (19), it is an auxil-

»

Fig. 1. (continued) DNA (b). Merged images show that V5-CUL4A and Flag-DDB2 or
HA-CUL4B and Flag-DDB2 co-localize in the UV-irradiated subnuclear spot (¢, d). Anti
Flag and anti-HA antibodies do not cross-react when used for indirect immunofluores-
cence on locally UV-irradiated cells (d) (see Note 11). A model of the DDB1-CUL4APPE2
ubiquitin E3 ligase bound to a UV-damaged nucleosome (PDB ID: 1A0I) (e). This figure is
modified from published figures (Copyright 2006, National Academy of Sciences, USA
(26, 31)).
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Fig. 1. DDB1-CUL4AP™2 ybiquitin E3 ligase co-localizes at UV-damaged DNA sites.
Transformed human fibroblasts (WI-38VA13 cells) were transiently transfected with
full-length cDNA of the type indicated and treated as illustrated on panel (a). An 8-um
pore size filter and a dose of 60 J/m? were applied. UV-irradiated sites were visualized
by fluorescent immunostaining using anti-CPD antibody (red), and endogenous DDB1
was visualized by an anti-chicken DDB1 antibody (green). Ectopically expressed proteins
(DDB2 and CUL4A) were visualized by an antibody to the epitope present on the trans-
fected protein (green). The cells were counterstained with DAPI. Merged images show
that components of the E3 ligase (DDB1, DDB2, and CUL4A) co-localize with damaged.
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a 20 J/m? 60 J/m? 100 J/m?

Fig. 2. In situ detection of UV-induced DNA damage in locally irradiated human fibroblasts. The effect of UVC dose (a

pore size of the isopore polycarbonate membrane filter (b) on indirect immunofluorescent visualization of the CPD and
6-4PP foci. The 5 um pore size filters (a) and a dose of 60 J/m? (b) were applied. The cells were fixed and permeabilized
immediately after irradiation. After denaturation of DNA, CPDs and 6-4PPs were detected with TKM53 and 64M-2 anti-
bodies, respectively, and visualized with Alexa Fluor 594-conjugated antibody (req). Nuclear DNA (blue) was counter-
stained with DAPI.

6-4PP

CPD

o

6-4PP

CPD

iary factor for the NER process iz vitro (4, 20), and its involve-
ment in NER was not defined until recently. In contrast to the
NER deficiency in intact XP-E cells, XP-E cell extracts can repair
naked DNA substrates iz vitro, strongly suggesting that UV-DDB
plays a role in the repair of DNA in the chromatin environment
(21). Moreover, DDB2 is the first molecule in the activity
sequence of NER protein to co-localize with the DNA lesion (22,
23), and facilitates the subsequent recruitment of XPC (24, 25).
These observations led us to hypothesize that UV-DDB plays a
role in initiating repair in the non-transcribed DNA by moditying
chromatin in the vicinity of DNA lesions, which in turn may facil-
itate the assembly of the repair machinery on DNA (21, 26, 27).
UV-DDB has been identified as a component of the Cullin 4A
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(CUL4A)-RBX1-based ubiquitin E3 ligase (DDB1-CUL4APPE2),
which further establishes its role in NER (28). Ubiquitin E3 ligase
is a multiprotein complex that targets a substrate for posttransla-
tional modification (i.e., ubiquitination) (29, 30). We recently
demonstrated that DDB1-CUL4APP®2 ubiquitin ligase co-localizes
with UV-damaged DNA iz pivo and targets histone H2A for
monoubiquitination at the site of the photolesion (26). Further,
we confirmed that Cullin 4B (CUL4B) forms another E3 ligase
with UV-DDB (DDB1-CUL4BPP52) and binds to damaged sub-
nuclear spots (31). Applying a localized nuclear irradiation tech-
nique (Fig. 1) was very instrumental in defining 7 vivo the role
of XP-E factor (DDB2) and DDB1-CUIL4PPE2 ubiquitin ligases
in the initiation of NER on non-transcribed DNA.

This chapter describes a protocol in which indirect immuno-
fluorescence is applied to visualize the co-localization of NER
proteins at the site of local damage when cells are UV-irradiated
through an isopore polycarbonate membrane filter. We empha-
size the co-localization of ectopically expressed tagged proteins
with the CPD photolesion.

2. Materials

2.1. Cell Culture

2.2. Local
UV-Irradiation

1. SV40 transformed human fibroblasts WI-38 VA13 (obtained
from ATCC). This cell line required handling at Biosafety
Level 2 containment.

2. 6-Well cell culture clusters (Costar) (see Note 1).

3. Microscope glass coverslips (cover glass #2, circle, 22 mm,
Fisherbrand), sterilized by autoclaving or clean with methanol /
ethanol mixture (1:1), rinse and store in 75% (v/v) ethanol.
Watchmaker’s forceps, curved.

4. Phosphate-buftered saline (PBS).

5. DMEM culture media supplemented with 10% fetal bovine
serum, 0.1 mM essential and nonessential amino acids, and
2 mM L-glutamin.

6. Trypsin—EDTA solution.

7. Cell culture accessories: sterile hood (Biosafety Level 2) and
5% CO, incubator at 37°C.

8. FuGENE 6 Transfection Reagent (Roche) for the transient
transfection of cells with the constructs of tagged protein.

1. UV bench lamp, short wave 254 nm (Spectroline X-15G).

2. Radiometer DSE-2000A with interchangeable sensors
(Spectroline).

3. UV safety eyeglasses and face shield.
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2.3. In Situ GSK Buffer
and Detergent
Extractions

2.4. Visualization

of the UV-Damaged
DNA Sites and
Co-localized Proteins

4.

Isopore polycarbonate membrane filters (Millipore), diameter
47 mm, pore size: 3, 5, and 10 pm (see Note 2).

. Cell culture plate 100 mm.

. Cytoskeleton (CSK) buffer: 100 mM NaCl, 300 mM sucrose,

10 mM Pipes, pH 6.8, 3 mM MgCl,, store in aliquots at
-20°C. Before use, add the following: 0.2% Triton X-100 and
Complete EDTA-free protease inhibitor cocktail tablet
(Roche), and keep on ice after reconstitution.

. 2% Paratormaldehyde in PBS: prepare fresh from 37% para-

formaldehyde (Sigma).

. Triton buffer: 0.2% Triton X-100 in PBS.

4. Washing buffer (WB): PBS containing 0.5% bovine serum

albumin (BSA, Sigma) and 0.15% glycine.

. Always prepare fresh and keep on ice.

6. Blocking bufter: 5% BSA in PBS, keep at 4°C.

. 0.4 M NaOH.

. Primary antibodies against the UV-induced DNA damage

(see Note 3):

(a) Anti-6-4PP monoclonal antibody, clone 64M-2 (Cosmo
Bio). Dilution 1:400.

(b) Anti-CPD monoclonal antibody, clone KTM53 (Kamiya
Biochemical). Dilution 1:400.

. Primary antibodies against the tagged epitope present in the

proteins (see Note 4):

(a) Anti-Flag polyclonal antibody developed in rabbit
(Sigma). Dilution 1:200.

(b) Anti-HA.11 monoclonal antibody, clone 16B12 (Covance
Research Product Inc). Dilution 1:400.

(c) Anti-V5 FITC conjugated polyclonal antibody developed
in goat (Bethyl Laboratories Inc). Dilution 1:400.

. Secondary antibodies conjugated to fluorophore: Alexa Fluor

594 (goat anti-mouse and goat anti-rabbit) or Alexa Fluor
488 (goat anti-mouse and goat anti-rabbit) (Invitrogen). All
secondary antibodies were used as 1:1,000 dilutions.

. Vectashield mounting medium with DAPI (blue) (Vector

Laboratories). DAPI (4',6-diamidino-2-phenylindole) pro-
duces a blue fluorescence with excitation at about 360 nm
and emission at about 460 nm when bound to DNA.

. Glass slides for mounting coverslips.
. Kimwipes, general purpose laboratory wiper.

. Fluorescence microscope with 60x and 100x oil-immersion

lenses.
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3. Methods

3.1. Cell Culture

3.2. Local
UV-Irradiation (See
Note 6 and Fig. 3)

. The coverslip can be autoclaved in a box, picked with a sterile

aspirator pipette or washed in 75% ethanol while holding with
forceps, and flamed briefly before placing in a 6-well culture
cluster.

. One or two days prior to experiment, plate 2-5 x 10° cells, so

that the cells are 70-80% confluent at the day of irradiation.

. For immunodetection of transiently expressed proteins, per-

form transfection of the cells 30—48 h before the irradiation
(see Note 5).

. Prior to irradiation, aspirate the medium and keep at 37°C.

Subsequently, rinse the cells twice with PBS at room tempera-
ture. Carefully lift a coverslip with the cells from a well using
a forceps and place onto the surface of plastic support (i.e., a
cell culture plate) (Fig. 3, Step 1). To prevent the cells from
drying, add a few drops of PBS to form a thin layer of buffer
on top of the cover glass.

. Presoak an isopore polycarbonate membrane filter in PBS and

place gently over the cell monolayer (Fig. 3, Step 2).

. To irradiate locally, place the filter-shielded cells immediately

under UVC lamp and irradiate at a dose rate of 1-5 J/m?/s.
Apply a dose between 20 and 100 J/m? by varying the time
ofirradiation (Fig. 3, Step 3) (see Note 7 and Fig. 2).

. Remove the filter and either proceed with extraction of the

cells immediately or return the irradiated cells to the original
medium at 37°C for post-irradiation incubation (Fig. 3, Step 4)
(see Note 8).

Multi well plate

Cover glass with cells

Isopore filter

Fig. 3. Schematic illustration of the UV-irradiation of the cells, grown on a coverslip,
through an isopore polycarbonate membrane filter (see Subheading 3.2 and Note 6).
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3.3. In Situ CSK Buffer
and Detergent
Extractions

(See Note 9)

3.4. Visualization

of the UV-Damaged
DNA Sites and
Co-localized Proteins

. Rinse the cells twice with PBS at 4°C (simply place the culture

cluster on ice).

. Rinse the cells with CSK buffer. Gently add 2 mL of CSK

buffer containing 0.2% Triton X-100 and incubate for 5 min
at 4°C. Rinse once with CSK buffer, remove the buffer com-
pletely, and transfer the coverslip to a new well.

. Fix the cells by adding 2 mL of 2% paraformaldehyde and

incubate for 15 min at room temperature.

. Permeabilize the cells by rinsing with 0.2% Triton, and incu-

bating in 2 mL twice, 10 min each at 4°C.

. Rinse the cells with WB at 4°C.
6. Add 2 mL of 5% BSA and block the cells for 20 min at 4°C.

Repeat steps 4 and 5.

. Add 2 mL of 0.4 M NaOH and denature DNA for 4 min at

room temperature (see Note 10).

. Rinse the cells five times with 2 mL of PBS at room

temperature.

. Dilute primary antibody in WB (see Note 11). Rinse the cells

with WB and remove buffer completely from a well. Add
0.8-1 mL of diluted antibody to immerse coverslip com-
pletely. Alternatively, place a piece of Parafilm in the bottom
of'a cover plate of the 6-well cell culture cluster. In a grid pat-
tern that replicates the six wells, label the appropriate place
for each coverslip with a marker. Carefully remove each cov-
erslip from a well of the culture cluster with forceps, blot the
excess buffer by touching the edge of the coverslip to a
Kimwipe, and place on the Parafilm. Add diluted antibody as
a drop (~250 pL) onto coverglass. Wet some Kimwipes in
PBS and add to the plate to maintain humidity and prevent
the coverslips from drying. Cover the plate with Parafilm.

. Incubate the cells with primary antibody for 90 min at room

temperature. Protect the plate from light with aluminum foil
when primary antibody is FITC or TRITC conjugated.

. Rinse the cells with 0.2% Triton, and incubate in 2 mL twice,

for 10 min each at 4°C. Detergent treatment makes the cells
permeable again, so any residue of primary antibody is
removed efficiently.

. Rinse the cells with WB at room temperature.

. Dilute fluorophore-conjugated secondary antibody in WB

and repeat the procedure for primary antibody as in step 3.
Cover the plate and protect from light with aluminum foil.
Incubate for 60 min at room temperature.

. Repeat step 4.
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9.

10.

11.

12.

Rinse the cells with PBS before mounting the coverslip onto

slide.

Add 10 pL of DAPI/Vectashield medium onto slides. Lift
the coverslip from a well and blot excess PBS with a Kimwipe.
Invert the coverslip, making sure that the side with the cells is
facing down onto slide. Blot mounted coverslip with Kimwipes
and seal the glass with a rim of nail polish.

Analyze immediately or store in dark at room temperature
(for a week) or at —20°C for a longer period.

Obtain and capture fluorescent images with the fluorescence
microscope equipped with appropriate filters for fluorophores:
DAPI, FITC, or Alexa Fluor 594 and Alexa Fluor 488 (see
Note 12).

4. Notes

. The 35-mm cell culture dishes can be used as well, but the

6-well cell culture clusters are more convenient for processing
multiple samples.

. The isopore polycarbonate membrane filters (Millipore) are

available in various diameters and pore sizes. We routinely
used the 8-um pore size filter (Fig. 1) that has been discon-
tinued. Millipore offers10 pum filters now.

. The anti-CPD (clone TDM-2) antibody established by Mori

et al. (9) and distributed by Cosmo Bio is used primarily in
studying the DNA repair process. We also routinely used
clone KTM53 because it was the only commercially available
anti-CPD antibody when we initiated the localized nuclear
UV-irradiation study (Figs. 1 and 2).

. The anti-CPD and anti-6-4PP monoclonal antibodies

(listed in Subheading 2.4) were developed in mice. This
could impose an obstacle for successtul co-localization with
the damaged DNA if the specific antibody against the
cellular protein of interest is of mouse origin. Ectopic
expression of the tagged protein of interest overcomes
this problem. A wide spectrum of primary and conjugated
anti-tag antibodies is commercially available now.

. Optimize the transfection time and method for the protein of

interest, and confirm that the ectopically expressed protein
has retained the biological properties of the endogenous
counterpart.

. The original method for local UV-irradiation through isopore

filters involved placing a filter over a monolayer of cultured
cells in 35-mm glass bottom dishes before irradiating them
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10.

from above (6). We found handling a filter over the cells,
placed in a well, awkward and time consuming. We adapted
the following modified protocol (Fig. 3, Steps 1-4). A cover-
slip with the cells is taken from a well, placed onto a cell cul-
ture plate, then covered with a wet filter, and the whole plate
with shielded cells is placed under the UVC source and irradi-
ated. This modification enables the replicates (coverslips with
the cells) of the same experimental condition to be irradiated
simultaneously; one 10-cm cell culture plate can hold up to
four “sandwiches” of a 22-mm coverslip shielded with a
47-mm filter. If more than one replica (“sandwich”) is irradi-
ated, ensure that each “sandwich” is exposed to the same
dose of UVC.

. Always protect your face with UV safety eyeglasses and face

shield when working with any UV source. Power on the UVC
lamp at least 10 min before irradiation. Monitor the dose rate
using radiometer with a 254-nm sensor before and after irra-
diation. An equivalent amount of CPD and 6-4PP products is
produced per cell with local doses of 5 J/m? and 100 J/m?
(32). However, a common practice is to expose the cells to a
higher UVC dose when local irradiation is applied than when
uniform (without filter) irradiation is used (6, 22, 25). The
size of the CPD and 6-4PP foci increases with the size of filter

pores (Fig. 2) (6).

. The DDB2/XPE factor and the DDB2-based complexes

(UV-DDB and E3 ligases) co-localize with UV-damaged
DNA immediately after irradiation (Fig. 1). Detection of the
other NER proteins with CPD and 6-4PP foci occurs later
and requires post-irradiation incubation of the cells (7, 11).

. In situ extraction with CSK buffer eliminates an excessive

amount of cellular proteins unbound either to the scatfold or
UV-damaged DNA. The level of ectopically expressed NER
protein(s) often exceeds the number of CPDs and 6-4PPs,
which results in an increased background of unbound protein
(25). The extraction is very efficient in eliminating the abun-
dant nuclear fraction of endogenous DDB1, which is not a
part of the ubiquitin E3 ligase bound to CPD (Fig. 1a). Test
whether a particular protein of interest would benefit from
CSK extraction, and adjust the numbers of washes and incu-
bation time.

The antibodies against CPD or 6-4PP (TDM-2 and 64M-2)
react only with photoproducts in single-stranded DNA; con-
sequently, the cellular DNA has to be denatured before
immunostaining. Even though Kamiya Biochemical’s data
sheet for KIM53 claims that the antibody reacts specifically
with thymine dimers, induced by UV-irradiation, either in
double- or single-stranded DNA, we have always used this
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11.

12.

antibody to probe denatured (single-stranded) DNA (Figs. 1
and 2).

As mentioned in Note 4, co-localization of DNA repair pro-
tein with UV-induced DNA damage imposes certain chal-
lenge in selecting a specific primary antibody that can be
incubated together with anti-CPD (anti-6-4PP) and without
cross-reacting with the secondary antibody to anti-CPD. The
anti-Flag and anti-V5 antibodies (listed in Subheading 2.4)
meet this requirement (Fig. 1b). We used the anti-Flag
together with anti-V5 or anti-HA antibodies to detect the
corresponding tagged proteins, which co-localized within a
subnuclear spot (Fig. 1c). Figure 1d illustrates that anti-Flag
and anti-HA antibodies do not cross-react when used for
indirect immunofluorescence on locally UV-irradiated cells.
Flag-DDB2 and HA-CULA4B were visualized with the anti-
bodies against the Flag (green) or HA (red) epitope present
on the proteins, respectively. The cells were counterstained
with DAPI (blue). Merged image shows proteins co-localized
within the irradiated area. In some cases, the irradiated area is
stained for DDB2 and not CUL4B and vice versa, indicating
that there are cells that express only one of the two trans-
fected cDNAs. Any cross-reactivity between the Flag and HA
antibodies in this setting would result in double staining in all
transfected cells, which is not the case.

We obtained the fluorescent images (Figs. 1 and 2) with a
Olympus Provis AX70 fluorescence microscope equipped
with appropriate filters for fluorophores. The digital images
were then captured with a cooled CCD camera, and pro-
cessed and superimposed using SPOT software (Diagnostic
Instruments, Sterling Heights, MI).
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Chapter 13

Ultrasound Imaging of Apoptosis: Spectroscopic Detection
of DNA-Damage Effects at High and Low Frequencies

Roxana M. Vlad, Michael C. Kolios, and Gregory J. Czarnota

Abstract

A new noninvasive method for the detection of DNA damage using mid-to high-frequency ultrasound
(10-60 MHz) has been developed. Ultrasound imaging and quantitative analysis methods are used to
detect cell death occurring in response to anticancer therapies in cell samples # vizro, in rat brain tissue
ex vivo, and in cancer mouse models 7z ivo. Experimental evidence indicates that the mechanism behind
this ultrasonic detection is linked to changes in the size and acoustic properties of the cell nucleus occur-
ring with forms of cell death, and in particular apoptosis. Nuclear changes associated with cell death can
result in up to 16-fold increase in ultrasound backscatter intensity and changes in spectral slope that are
consistent with theoretical predictions. Furthermore, color-coded images can be generated based on
specific ultrasound parameters in order to identify the regions of cell death in tumor ultrasound images
with treatments. These results provide a foundation for future investigations regarding the use of ultra-
sound in preclinical and clinical settings to noninvasively monitor tumor responses to specific interven-
tions that induce cell death.

Key words: Apoptosis, Cell death, Ultrasound, Spectroscopy, Radiation, Photodynamic therapy,
High-frequency ultrasound, Low-frequency ultrasound

1. Introduction

1.1. High-Frequency This chapter describes a novel noninvasive method for the detec-
Ultrasound Imaging tion of DNA damage. Depending on the cell type, the type of
of DNA damage DNA damage and cellular environment, cells may die by different

mechanisms (i.e., apoptosis, oncosis, mitotic arrest/catastrophe)
when exposed to different type of injuries. Each of these mecha-
nisms is characterized by distinct biochemical processes leading to
distinct cellular and nuclear structural changes (1-3). For exam-
ple, nuclei condense and fragment in apoptotic cell death, whereas
in mitotic arrest the nuclei increase in size. The diversity of the
processes involved in cell death makes it difficult to find a

Vladimir V. Didenko (ed.), DNA Damage Detection In Situ, Ex Vivo, and In Vivo: Methods and Protocols,
Methods in Molecular Biology, vol. 682, DOI 10.1007/978-1-60327-409-8_13, © Springer Science+Business Media, LLC 2011
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1.2. Background
1.2.1. Ultrasound Imaging

mechanism common to all different forms of cell death that can
be potentially exploited as an image-based biomarker of cell death.
Therefore, current standard clinical routines for detecting cell
death still require tissue excision (e.g., biopsy) and specialized tis-
sue staining. These specialized types of staining may detect one
specific form of cell death (e.g., apoptosis) but may not detect
other modes of cell death (e.g., mitotic arrest/catastrophe,
ONCosis).

Our research has demonstrated the capability of high-frequency
ultrasound to detect apoptosis iz vitro and in vivo (4-8), mitotic
arrest/catastrophe iz vitro (9), and oncosis/necrosis ex vivo, the
latter in livers exposed to ischemic injury (10). This type of nonin-
vasive detection of cell death has applications to numerous clinical
scenarios. For instance, it could be used to monitor tumor responses
to anticancer therapies (8), guide tissue biopsies to areas of response
and assess organ viability for transplantation (10).

Furthermore, apoptosis or programed cell death has become
essential to the understanding of the development of normal tis-
sues, the evolution of the carcinogenic process and the response
of tumors to anticancer therapies (11, 12). This chapter describes
the techniques of using mid- to high-frequency ultrasound to
detect apoptosis and other forms of cell death in vitro, ex vivo,
and 77 vivo in cell samples and animal systems exposed to ditfer-
ent anticancer therapies.

The first section of this chapter introduces the basic principles
of ultrasound imaging and quantitative ultrasound methods rel-
evant to the process of detecting cell death. The next two sections
describe the experimental systems, the materials, and the proto-
cols for monitoring cell death using high-frequency ultrasound.
In Subheading 4, we discuss the methods and present representa-
tive results. Lastly, we conclude with a discussion about the limits
and limitations of the method and future developments.

A variety of information can be extracted from verbal communi-
cation, music, and other sources of sound. Sound is formed by
pressure waves that range from 10 Hz to 20 kHz, whereas ultra-
sound is formed from pressure waves at frequencies above the
human audible range. In order to understand ultrasound interac-
tions with biological tissues, a tissue may be regarded as a collec-
tion of small structures with different acoustic properties (e.g.,
cells, connective tissue, and microvasculature). An ultrasound
transducer sends pulses of sound into the tissue. Where the sound
wave encounters structures with different mechanical properties,
part of the sound is reflected and part of it detected by the trans-
ducer. The strength of the reflected signal and its frequency con-
tent depend on the properties of these structures (e.g., size,
density, and compressibility). Therefore, ultrasound is highly sen-
sitive to the mechanical properties of tissue structures that often
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1.2.2. Quantitative
Ultrasound Methods
for the Characterization
of Cell Death

change during diseases or with cell death. Medical diagnostic ultra-
sound is a modality that uses ultrasound energy to map the varia-
tions in the acoustic properties of the body and display these as
general grayscale images.

Diagnostic imaging is commonly performed using ultrasound
in the range of 1-10 MHz because these frequencies can ensure
the visualization of deep body structures of interest with a reason-
able resolution (approximately 0.15-1.5 mm). Frequencies
greater than 10 MHz have been used to increase the resolution of
ultrasound images in diverse applications, including intravascular,
skin, ocular and, recently, small animal imaging (13). Within the
range of frequencies of 10-60 MHz, high-frequency ultrasound
offers a high spatial resolution up to 25 um and can enable
longitudinal studies in mice with applications in developmental
biology, cardiovascular disease (13-15), tumor growth (16, 17)
angiogenesis and assessing antiangiogenic drug effects (18).

Experimentally, ultrasound imaging and spectrum analysis
techniques have been applied by our group (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, ultra-
sound imaging and tissue characterization techniques have been
used to detect cell death, ¢ vitro with cell samples exposed to the
chemotherapeutic drug cisplatinum (4, 5, 7), ex vivo (4, 10), and
in vivo using tumor mouse models exposed to cancer therapies
(4, 8).

The resolution of ultrasound imaging, even at the frequencies
of 10-60 MHz is below the resolution offered by optical micros-
copy. However, ultrasound confers the advantage of a relatively
low attenuation permitting deeper penetration of ultrasound
waves into the tissue (i.e., 1-5 cm deep) compared to the micron
depths obtained using optical microscopy. Rather than resolving
individual structures (e.g., cells and nuclei) the parameters com-
puted from the analysis of ultrasound signals give information
about the statistical properties of tissue structure at the scale of a
cell. In the next section, we provide a brief description of ultra-
sound spectrum analysis methods used in this chapter to charac-
terize cellular death in cell samples and biological tissues.

Large-scale structures (larger than the ultrasound wavelength)
can be clearly imaged with ultrasound because simple tissue inter-
faces, such as organ boundaries, produce well-defined backscatter
signals. However, most structures of interest, including organ
parenchyma and tumors contain a complex spatial distribution of
small scatterers (smaller than the ultrasound wavelength) that
result in a complex distribution of tissue mechanical properties.
Ultrasound images reflect this complexity, exhibiting an average
grayscale level (indicative of average scattering strength) with a
speckle pattern that depends on tissue microstructure characteristics.
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This differing pattern is useful in the location of lesions, such as
fibrotic tissue and detecting cysts, but cannot give information on
its own about the microscopic structure of tissue scatterers.

The microscopic properties of tissue scatterers can, however,
be quantified using signal processing methods to analyze radio-
frequency data (before applying an envelope detection used to
construct conventional B-mode ultrasound images), (Fig. la).
Characterization of tissue microstructure by examining the
frequency-dependent information is termed quantitative ultrasound.
Ultrasound parameters that further quantify tissue properties can
be computed by comparing ultrasound measurements obtained
from experiments with theory.
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Fig. 1. (a) This panel describes the acquisition of radio-frequency 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 repre-
sents 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 which is a power spectrum mea-
sured from a flat quartz immersed in water and placed at the transducer focus as described in Subheading 3.4. The
normalized power spectrum (lower pane) is calculated by dividing the power spectrum calculated from a region of inter-
est 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 calculated 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.
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In order to characterize cell death in cell samples and tissues,
ultrasound spectrum analysis method developed by Lizzi et al
(20-22) have been used. This method is briefly presented in
Fig. 1b. Averaged power spectra measured from various tissues
exhibit a quasilinear shape when expressed in dB (23-29).
Therefore, one approach to analyzing such data is to apply linear
regression analysis to the measured average power spectra (21).
The linear fit to the averaged power spectra provides three
parameters that can be used to characterize tissue properties, i.e.,
slope, mid-band fit and intercept. These parameters can be related to
different histological properties of tissue scatterers as detailed in
Subheading 3.4. The theoretical framework of ultrasound spec-
trum analysis and the relationship of ultrasound estimates with
tissue structures have been described in various books and publi-
cations (20-22, 30, 31).

Experimental evidence from our previous work has indicated
that the main scattering structure at 10-60 MHz is the cell nucleus
(6, 8-10, 32). Assuming the nucleus the dominant scatterer,
changes in ultrasound spectral parameters are a direct consequence
of changes in nuclear size and acoustic properties. For example,
nuclei change their size and properties during cell death, i.e., con-
dense and fragment during apoptosis and increase in size during
mitotic cell death. Therefore, it should be possible to detect and
differentiate such different forms of cell death.

2. Materials

2.1. High-Frequency
Ultrasound Imaging

A VisualSonics VS40B high-frequency ultrasound device (Visual-
Sonics Inc., Toronto, Ontario, Canada, http://www.visualsonics
.com) was used to collect ultrasound images and radio-frequency
data from cell samples and tumor xenografts (6). A newer version
of the VS40B device, the Vevo 770, has seen wide-spread adop-
tion by many small animal imaging facilities (Fig. 2a). We use
such instruments configurated with single element transducers
and a “digital RF” 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 dedi-
cated to #m vive longitudinal imaging studies for small animal
phenotyping. The transducer choice on this range of instruments
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

Teflon rings

Fig. 2. (a) The Vevo 770 high-resolution microimaging system for real time small animal
imaging. Similarly to its VS40B predecessor, the VEVO 770 has the ability to be used
visualize and quantify small animal anatomical, hemodynamic and therapeutic targets
and intervention effects with resolution of up to ~30 um. Using these instruments, 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 capa-
bility. The data presented in this chapter are collected with a VS40B that features analog
to digital conversion with 8-bits at 500-MHz sampling frequency. (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 ultra-
sound wavelength and a stainless steel disk with three cylindrical holes cut through it,
each 8 x 7 mm (diameter x height). The flat bottom is attached with screws to the stain-
less 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 simultane-
ous centrifugation of each in a sample well. The other well left empty serves as calibra-
tion reference. (¢) The experimental setup for ultrasound data collection from a mouse
tumor. The leg bearing the tumor is immersed in the coupling liquid (distilled and
degassed water at room temperature) and data are collected from the entire tumor.
Similarly, the sample holder containing the cell samples is immersed in phosphate-
buffer saline and ultrasound data are collected from the cell samples.

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
cisplatinum.

2. Rat brain in which apoptosis is induced by treatment with
photodynamic therapy.

3. Human tumor xenografts grown in mice in which apoptosis
is induced by treatment with radiotherapy.

4. Hep-2 (epidermoid carcinoma of the larynx) cells in which
mitotic arrest/catastrophe is induced by treating cells with
radiotherapy.
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2.2.1. Apoptosis in Cell
Samples

2.2.2. Apoptosis in Tissues

2.2.2.1. Photodynamic
Therapy

2.2.2.2. Radiotherapy

2.3. Other Modalities
of Cell Death, Mitotic
Arrest/Catastrophe

2.4. Delivery
of Radiotherapy

2.5. Flow-Cytometry,
Measurement of DNA
Gontent

1.
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AML-5 cells: available from the Ontario Cancer Institute,
610 University Avenue, Toronto, ON, Canada M5G 2M9.

. Cisplatinum: a stock solution available at a concentration of

1 mg/mL should be stored in dark (Mayne Pharma).

. Alpha-minimal essential medium for growing cells (Invitrogen

Inc.).

. Antibiotics: penicillin and for growing cells (Novapharm

Biotech Inc).

. Fetal bovine serum for growing cells (Cansera International

Inc.).

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

cell holder (Fig. 2).

. Male Fischer rats (Charles River Laboratories Inc).

. Photofrin II, a porphrin-derivative which confers sensitivity

of cells to light (QLT, Canada).

. Laser (632 nm) with an optical power irradiance of 100 mW /

cm?.

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

and 1 mg/kg Acepromazine.

. For animal experiments male severe combined immunodefi-

cient (SB-17, SCID) mice (Charles River Laboratories Inc).

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

and 1 mg/kg Acepromazine.

. Depilatory cream Nair (Nair).

. For cell culture radiation experiments: C666-1 cell line pro-

vided by Dr. Fei-Fei Liu’s laboratory, (Princess Margaret
Hospital, 610 University Avenue, Toronto, ON, Canada
M5G 2M9), and RPMI 1640 cell culture media (Invitrogen
Inc.) with antibiotics and sera as above.

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

Manassas, USA).

Antibiotics as above, trypsin (Invitrogen).

A small animal and cell irradiator Faxitron Cabinet X-ray System
(Faxitron X-ray Corporation, Wheeling, IL, USA) is used to deliver
radiotherapy. The instrument was used to deliver 160 keV, X-rays
at a rate of 200 cGy/min and should be calibrated before use.

1.

Cell lysis buffer for cytometry (0.2% Triton X-100 in PBS-
citrate, 0.1 mg/ml RNase A, 0.05 mg/mL propidium
iodide).
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2.6. Analysis
of Ultrasound
Backscatter Signals

For the analysis of backscatter signals, we developed customized
programs in Matlab (The Mathworks Inc., Natick, MA, USA).
Analysis of backscatter signals can be carried out using a variety of
standard numerical analysis packages on the computing platform
of one’s choice. These are left to the individual researcher. Our
preference is to use Matlab running on a 2.5 GHz Windows XP
(Microsoft, Washington) or UNIX-based computer system. See
Subheading 3 for explicit details.

3. Methods

3.1. Apoptosis in Cell
Samples

DNA Damage (leading to apoptosis, mitotic arrest, or mitotic
catastrophe) may be induced by exposing cell samples, rat brain,
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
experiments, AML cells were treated with colchicine that arrests
cells in mitosis (5, 6) and Hep-2 cells were exposed to camptoth-
ecin that induces mainly apoptosis in that cell line (33).

For in vitro imaging of cell samples, adequate numbers of
cells 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
trypsinized 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 condi-
tion, experiments are typically completed in triplicate.

1. For each experiment, AML cells obtained from frozen stock
samples are cultured at 37°C in 150 mL alpha minimum
essential media and antibiotics (100 mg/L penicillin and
100 mg/L streptomycin) with 5% fetal bovine serum. Frozen
stock is used as this cell line is unstable.

2. To induce apoptosis, AML-5 cells are exposed to cisplatinum at
10 ug/mkL for 0, 6, 12,24, and 48 h. This drug is a DNA inter-
calator that causes a p53-dependent apoptosis in this cell line
(34). To confirm and quantify the presence of apoptosis, we use
different methods: the examination of cell cultured using phase-
contrast microscopy, the examination of hematoxylin and eosin-
stained samples or cell cycle analysis using flow-cytometry.

3. Wash viable and treated cells in phosphate-buffered saline and
subsequently centrifuged in three steps at 800 x g, 1,500 x g,
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Fig 3. Cell cycle analysis corresponding to AML cells treated with cisplatin for 0, 24, and 48 h. The sub-G, fractions are
identified as apoptotic cells because the nucleus becomes fragmented during apoptosis. The sub-G, peak can represent,
in addition to apoptotic cells, mechanically damaged cells and cell fragments resulting from advanced stages of cell
death. The sub-G, peak increased from 0.6% in viable AML cell samples to 30.8 and 42.4% after 24 and 48 h, respec-
tively, exposure to cisplatin. The G, peak represents phenotypic normal cells and the G,/M peak is identified as cells in
mitosis and mitotic arrest. No significant changes are observed in the G,/M peak with the treatment (10.7% at 0 h; 10.9%

at 24 h; and 8.2% at 48 h).

3.2. Other Modalities
of Cell Death

1.

and 1,900 x g. After each centrifugation, the cell culture media
is aspirated and cells are washed in phosphate-buffer saline.
The last centrifugation takes place in cryotubes or in a custom
sample holder (Fig. 2b) resulting in a small solid sample of
packed cells that emulates a segment of tissue.

. Immerse the sample holder or the cryotube 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 (see Notes 1 and 2).

Representative results are presented in Figs. 3 and 4 and dis-
cussed in Notes 3-8.

We use Hep-2 cells obtained from frozen stock samples in
15 mL alpha-minimum essential media with 0.1% gentamycin
and 10% fetal bovine serum and grown in a humidified atmo-
sphere at 37°C, containing 5% CO, for experiments as they
can be induced to undergo different forms of cell death.

. Irradiate flasks containing cell samples 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.
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Fig. 4. Ultrasound imaging of mitotic arrest/catastrophe, in vitro, corresponding histology and cell cycle analysis. (a) The
ultrasound images indicate an increase in ultrasound backscatter of the cell sample treated with radiotherapy. (b) The
corresponding hematoxylin and eosin images 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. (¢) 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.

4. Harvest viable and control cell samples by trypsinization and
subsequent centrifugation at 800 x 4. To prepare the cells for
high-frequency imaging, cells are subsequently centrifuged
and washed in phosphate-buffer saline as described at 0 from
steps 3 to 5.
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Representative results are presented in Fig. 4 and
discussed in Notes 9 and 10.

3.3. Apoptosis Apoptosis is induced ex vivo in a rat brain system model treated
in Tissues with photodynamic therapy and iz vivo in mouse tumor xeno-
grafts treated with radiotherapy.

3.3.1. Photodynamic 1.

Therapy in Rat Brain

6
3.3.2. Radiotherapy 1.
in Mice

2

Treat male Fischer rats with 12.5 mg/kg of Photofrin II
injected intraperitoneally to photosensitize and keep animals
in dark for 24 h prior to drug activation.

. Anesthetize animals using ketamine, xylazine, and aceproma-

zine injected intraperitoneally. Anesthesia consists of 100 mg/
kg ketamine, 5 mg/kg xylazine, and 1 mg/kg acepromazine,
typically, in 0.1 mL saline injected intravenously. This mixture
can sedate the mice for approximately 1 h, sufficient time for
the entire imaging and irradiation procedure.

. Generate a 5.5 mm craniotomy in each side of the rat’s skull

with a mechanical surgical drill, taking care to avoid signifi-
cant mechanical stress to the underlying cortex.

. Treat exposed brain 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 ] /cm?

may be used. In order to minimize cerebral swelling post-
therapy, the irradiance power of 3 J/cm? was selected in the
past 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

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

Representative results are discussed in Notes 11 and 12.

Use C666-1 cells grown in RPMI 1640 cell culture media
supplemented with 10% fetal bovine serum and antibiotics
(100 mg/L penicillin and 100 mg/L streptomycin) to gener-
ate tumor xenografts from (~1.0x10°¢ cells) cells 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.

. Collect ultrasound data over 2 consecutive days, before expo-

sure to radiotherapy and 24 h after exposure to radiotherapy.
Other times may be used at the experimenter’s discretion.
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3.4. Ultrasound Data
Collection and
Spectrum Analysis

0 Gy

. Prior to ultrasound imaging, anesthetize mice (as above) and

depilate the tumor and surrounding area using Nair.

. Immerse the leg bearing the tumor in a coupling liquid (dis-

tilled and degassed water at room temperature) and collect
ultrasound data typically from the entire tumor (Fig. 2¢).
Ultrasound images are collected from 10 to 20 different scan
planes with a distance between planes of 0.5 mm, by scanning
the whole tumor sequentially from one side to another in
order to sample the entire tumor. The distance between the
radio-frequency lines and scanning planes should be at least
one ultrasound beam-width to ensure statistical independence
of the data collected for analysis.

. After ultrasound imaging place the mouse in a standard mouse

Lucite restraining box and shield the whole mouse body with
3 mm lead sheets except the tumor. Tumors are then typically
irradiated using the Faxitron canet X-ray system with doses of

0,2,4,and 8 Gy.

. After 24 h following exposure to radiation, mouse tumor

xenografts are imaged again using ultrasound following the
same sequence applied the day prior.

Representative results are shown in Fig. 5 and discussed
in Notes 11 and 12.

. In the experiments presented in this chapter, one may use a

VS40B high frequency ultrasound instrument with 20-MHz
focused transducer (20-mm focal length, 8-mm aperture
diameter, -6 dB bandwidth of 11-28 MHz) and a 40 MHz-
tfocused transducer (9 mm focal length, 6-mm aperture diam-
eter, -6 dB bandwidth of 25-55 MHz). This instrument and
a newer version are described previously in Subheading 2.

. Collect radio-frequency data as needed. Radio-frequency data

are typically collected from five different scan planes from cell

2Gy24h TUNEL staining

Fig. 5. Ultrasound images of apoptosis, in vivo, in response to radiotherapy and corresponding TUNEL staining. Repre-
sentative ultrasound images of a C666-1 tumor, before and at 24 h after treatment with radiotherapy, presenting a large
hyperechoic region after treatment. This region corresponds to the area of cell death in the TUNEL staining. The scale bar

represents 1 mm.
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3.5. Flow-Cytometry,
Cytology and Histology
Analysis

3.5.1. Flow-Cytometry
Cell-Cycle Analysis

samples and from five to ten different scan planes when using
larger samples such as biological tissue. Each plane contains
15—40 8-bit radio-frequency lines sampled at 500 MHz and
separated by a distance equal to the beam-width of the trans-
ducer used in the respective application.

. Select an appropriate region of interest for analysis. The

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

. Ultrasound scan lines from each bracketed line segment are

multiplied by a Hamming weighting function to suppress
spectral lobes and the Fourier transform is computed. The
squared magnitudes of the resultant spectra from all regions
of interest are averaged and divided by the power spectrum
computed from a flat-quartz calibration target in order to cal-
culate the normalized power spectra. This procedure removes
system and transducer transfer function (instrumentation
response) and provides a common reference for data collected
with various transducers and systems. Linear regression analy-
sis is then applied to the normalized backscatter power spec-
tra in order to calculate the spectral parameters as presented
in Fig. 1b. The ultrasound integrated backscatter is similar to
the mid-band fit described by the spectrum analysis frame-
work developed by Lizzi et al. (20, 22) 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
scatterer size (24, 27) (i.e., an increase in the spectral slope
corresponds to a decrease in the average scatterer size) and
spectral intercept depends on effective scatterer size, concen-
tration, and relative acoustic impedance (Fig. 1). Further
details on the theoretical and signal analysis considerations
and how spectral parameters are related to tissue microstruc-
ture can be found elsewhere (20, 22).

A representative example of spectral analysis and how this
can be used to differentiate apoptosis in the regions of the
tumor that responded to therapy is presented in Fig. 6 (see
Notes 13-21).

. Harvest cells, and then wash twice in fluorescent-activated

cell sorting buffer (phosphate-buffer saline/0.5% bovine
serum albumin). Resuspend cells in 1 mL of FACS buffer and
fix for 1 h on ice in 3 mL of ice-cold 70% ethanol. Wash cells
once before resuspending them in 500 pL of fluorescent-acti-
vated cell sorting buffer supplemented with 40 pg/mL
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Fig. 6. Ultrasound spectrum analysis and histology demonstrating tumor response to radiotherapy. (a) Averaged normal-
ized power spectra increased by 8.2 +0.8 dB and averaged spectral slopes increased from 0.77 +0.03 to 0.90 +0.05 dB/
MHz for six C666-1 tumors before (XRT-) and at 24 h (XRT+) after treatment with radiotherapy. The spectra are corrected
for attenuation as described in Notes 4—6. Error bars represent the standard error for n=6 tumors. (b) Hematoxylin
and eosin staining of a tumor tissue before radiotherapy and (c) after radiotherapy exhibiting the morphological changes
characteristics to apoptosis with smaller condensed and fragmented nuclei. The scale bars represent 20 um.

3.5.2. Cytology
and Histology Analysis

RNAse A and 50 pg/mL propidium iodine. Incubate cells at
room temperature for 30 min in the dark before being ana-
lyzed in a fluorescent-activated cell sorting device using
FL-2A and FL-2W channels.

. Obtained results are typically represented as percentage of

cells found in different phases of the cell cycle. This classifica-
tion is dependent on DNA content and helps to identify the
forms of cell death following each of the applied therapies
(Figs. 3 and 4).

. Fix cell samples, rat brains, and tumor xenografts in 10%

neutral-buffered formalin for 24—48 h and embed in paraffin.

. Excise tumor xenografts and typically section in four loca-

tions in the same nominal orientation to best match ultra-
sound scanning planes. Hematoxylin and eosin for routine
histological analysis and terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) staining to assess cell
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death are then performed on tumor xenografts and cell
samples. In this type of stain, the free 3'-OH DNA ends that
result from chromatin fragmentation in apoptotic nuclei are
typically labeled with a green fluorescent stain and cytoplasm
is marked red with a propidium iodide counterstain.

4. Notes

General Notes

1. All reagents are stored and prepared according to manufac-

turer’s instructions.

2. We used distilled, deionized, and degassed water in all of our

animal experiments (resistivity >18.0 MQ/cm and total
organic content of less than ten parts per billion). This stan-
dard is referred to as “water” in the text.

Apoptosis in Cells

3. 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
adherent cells. For example, four to six flasks of adherent cells
(175 ecm? — 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
trypsinization. Furthermore, they are a good experimental
system for apoptosis studies because the cells have a round
regular shape with a large nucleus (~8.5 um vs. cellular size
~10 pm). This makes it relatively easy to follow nuclear mor-
phological changes under light microscopy.

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

change their phenotype due to genetic instability and increase
in size (32). This can affect their response to cytotoxic agents
(e.g., cisplatin) and affect their ultrasound spectra.

. Cells need to be carefully washed with phosphate-buftered

saline and cell culture medium has to be removed before
ultrasound imaging. Cell culture media has tensioactive prop-
erties (tends to form bubbles) that can result in significant
artifacts when imaging with ultrasound.

. 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 cryotube) during the
three steps of cell centrifugation. At this stage, the cell material



180

Vlad, Kolios, and Czarnota

that is very viscous can be difficult to pipette. The last cen-
trifugation 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 specifica-
tions and needs to be optimized accordingly.

. To avoid trapping small bubbles at the surface of the cell sample

the well or cryotube containing the cell sample has to be gently
overfilled with phosphate-bufter saline before placing it into a
larger volume of the same solution for ultrasound imaging.

. For imaging cell samples iz vitro, we have designed a custom

sample holder (Fig. 13.2b). 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) (32). For rigorous calculations of cell pellet proper-
ties, this (or a similar) setup is required for the appropriate cor-
rections. An alternative technique is to prepare the samples in
flat bottom cryotubes. 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.

Other Forms of Cell Death

9. To induce other forms of cell death, we have used head and

10.

neck cancer lines that die predominantly by mitotic arrest/
catastrophe after exposure to radiotherapy (11). This modality
of cell death is characterized by enlarged cells and nuclei, in
contrast to nuclear condensation and fragmentation and cel-
lular shrinking characteristic of apoptotic cell death. Minor evi-
dence 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. 13.4).

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 cul-
ture do not reveal significant amount of damage at earlier
time points. Based on these observations, we consider that
48 h a good time to observe a significant effect 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.

Apoptosis in Tissues

High frequency ultrasound imaging may be used to detect
apoptosis that occurred ex vivo in a rat model treated with
photodynamic therapy. Similar results have been obtained
n vivo on skin rat treated with photodynamic therapy (4).
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11. Any type of treatment able to induce apoptosis in tissue may

result in changes in ultrasound images and ultrasound para-
meters 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
structure because ultrasound backscatter is also sensitive to
the degree of randomness in scatterer arrangement. In pre-
liminary experiments, we have measured no increase in ultra-
sound backscatter from cell samples with large degree of
randomness in the positions of nuclei although flow-cytomet-
ric measurements indicated that a large majority of cells
(>50%) underwent death in these cell samples (35).

12. We have found that tumors larger than 10 mm (the maxi-

mum dimension) may exhibit large hyperechoic patches in
ultrasound images before any treatment. Histological exami-
nation 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 hyperechoic patches (0.5 mm?). This pat-
tern of small necrotic/apoptotic regions inside the tumor
prior to radiation exposure (or any other type of treatment)
mimics well some human tumors, and hence we have consid-
ered 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.

Ultrasound Data Collection and Spectrum Analysis

13.

14.

15.

If the goal of the study is to observe the tumor response to
therapy, we suggest scanning the tumor in the same orienta-
tion from one day to another and then match the tumor his-
tology with the orientation of ultrasound scans.

Some readers may find it more convenient to use ultrasound
gel instead of degassed and distilled water to ensure the cou-
pling between the transducer and tumor. This is also a good
alternative if care is taken to minimize bubble formation in
the gel. Bubbles may be removed by centrifugation of gel.

An example of ultrasound spectrum analysis characterizing
responses to radiotherapy in cancer mouse models is pre-
sented in Fig. 6. Provided that several assumptions about the
nature of scattering hold (20, 28) the spectral slope can be
used to compute an estimated effective scatterer size that is
related to the sizes of the scatterers in the analyzed tissue. To
calculate the effective scatterer size, we used theory derived
by Lizzi et al. (21). The scatterer size estimates, calculated
from spectral slopes measured from the same tumor before
and after exposure to radiotherapy, yielded values of 9.5 and
5.2 um, respectively. These values are close to the average size
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16.

17.

18.

of nuclei of 10.9 and 6.3 um estimated from the tumor
histology before and after exposure to radiotherapy (Fig. 6).

Spatial maps of local estimates of ultrasound spectral param-
eters (parametric images) can be computed if ultrasound
spectrum analysis is applied on much smaller region of inter-
est (i.e., a sliding window with a size of 500 um and a 90%
overlap that progressively analyzes radio-frequency data along
the individual scan lines).

These parametric images have been able to distinguish areas
of the tumor that respond to radiotherapy from the areas of
the tumor that do not respond (Fig. 7). This type of imaging
may have diverse applications, e.g., noninvasive assessment of
cell death in tumors, the detection of tumor regions that
respond to therapies, or determining the location of tissue
biopsies.

To accurately estimate effective scatterer size, it is necessary
to account for the attenuation losses due to the propagation
of ultrasound waves through cell samples or tissues. To calcu-
late the effective scatterer size in C666-1 tumors, we com-
pensate the normalized power spectra for the attenuation
losses in the skin and tumor tissue. The thickness of the tumor
skin before and after exposure to radiotherapy is measured
from the ultrasound images, yielding values of 0.30+0.06
and 0.45+0.15 mm, respectively. An attenuation coefficient
of 0.2 dB/mm/MHz is used for the tumor skin (36). The
attenuation coefficient considered for the tumor tissue is
0.06 dB/mm/MHz.

Limitations and Future Developments

19.

In ultrasound imaging, the ultrasound frequencies determine
the scale of structures that significantly scatter ultrasound,

Fig. 7. Spatial map computed from the local estimates of ultrasound-integrated backscatter superimposed on the ultra-
sound 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 bars represent 1 mm.
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20.

21.

thus higher ultrasound frequencies are more sensitive to
smaller structures. For the range of the ultrasound frequen-
cies used in this study of (10-60 MHz), the corresponding
ultrasound wavelengths of 150-25 um approach the size of
cells and nuclei (10-20 wm), and hence are more sensitive to
changes in cellular and nuclear structure than conventional
ultrasound. However, at these high ultrasound frequencies,
the ultrasound signal is highly attenuated, and hence the pen-
etration depth is typically limited to between 1 and 5 cm.
This penetration depth allows the technique to be applicable
to skin cancers, certain cancers of the breast and cancer that
can be reached with endoscopic probes, such as nasopharyn-
geal and gastrointestinal cancers. The latest generation of
ultrasound imaging systems dedicated to small animal imag-
ing (VEVO 2100) uses pulse encoding techniques that pro-
vide better penetration depth at a given frequency. Ongoing
studies in our laboratory have investigated the potential of
detecting similar effects with lower frequency ultrasound
(down to 5 MHz) that may expand the range of applications
(37). Figure 8 presents data from corresponding low-frequency
and high-frequency ultrasound imaging experiments conducted
on mouse tumor xenografts, indicating an increase in the
ultrasound backscatter that correlates with the presence of
cell death in the histology.

Although some of the changes in spectral parameter 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 (35). In these circumstances, an understanding of
the relative contribution of each of these nuclear changes
(acoustic impendence vs. randomization) to ultrasound scat-
tering 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 (38).

In conclusion, ultrasound imaging and quantitative ultra-
sound methods can be used as a method of detecting nonin-
vasively cell structural changes resulting from DNA damage
in a variety of settings. In this chapter, we demonstrate the
detection of such DNA damage i vitro, ex vivo, and in vivo
following cell death after exposure to various anticancer ther-
apies. High-frequency ultrasound imaging and quantitative
ultrasound methods are able to provide very specific information
about changes in cellular structure (i.e., differentiate between
apoptotic and mitotic cell death). The technique and its
extension to the lower frequency range has the potential to
noninvasively detect cell death in numerous clinically relevant
scenarios, including detecting tumor responses to specific



184 Vlad, Kolios, and Czarnota

Fig. 8. Ultrasound images of a mouse tumor before and after treatment with an 8 Gy dose of radiation. The tumor is
imaged using a transducer with a center frequency of 30 MHz. An increase of 11 dB in the ultrasound-integrated
backscatter is found for the area of the tumor outlined in orange compared with the same tumor before treatment. Panels
(@) and (b) are high frequency images of the same tumor before and after radiotherapy obtained with a Visual Sonics
instrument operating at 30 MHz. Panels (c) and (d) are the ultrasound images of the same tumor in a slightly different
orientation, before and after radiotherapy, imaged with an Ultrasonix instrument (Ultrasonix Medical Corporation, http://
www.ultrasonix.com) using a transducer with a center frequency of 7 MHz. This frequency is close to the ultrasound
frequency used in the conventional clinical ultrasound machines. An increase of 6 dB in the ultrasound-integrated back-
scatter is found for the area of the tumor outlined in orange compared with the same tumor before exposure to the
treatment. Panels (e) and (f) present TUNEL-stained histology images from the same tumors. The regions outlined in
orange indicate cell death. The scale bar represents 1 mm.
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therapies and guiding tissue biopsies and thus help in devel-
oping tools for the clinical management of cancer treatment.
Since monitoring therapy response is becoming an essential
component of drug development, 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 therapy responses in animal cancer
models permits repeated assessments of the tumor and may
provide spatial and temporal information regarding target
organs and the heterogeneity of the response. This informa-
tion can be correlated with tumor biopsies and histopatho-
logical methods to further provide correlative therapy response
endpoints related to ultrasound methods.
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Quantifying Etheno-DNA Adducts in Human Tissues,
White Blood Cells, and Urine by Ultrasensitive
32p-Postiabeling and Immunohistochemistry
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Abstract

Exocyclic etheno—-DNA adducts are formed by the reaction of lipid peroxidation products, such
as 4-hydroxy-2-nonenal (HNE) with DNA bases to yield 1,N°-etheno-2’-deoxyadenosine (edA),
3,N*-etheno-2'-deoxycytidine (¢dC), and etheno-2'-deoxyguanosine. These adducts act as a driving force
for many human malignancies and are elevated in the organs of cancer-prone patients suffering from
chronic inflammation and infections. Here, we describe the ultrasensitive and specific techniques for the
detection of edA and edC in tissue and white blood cell (WBC) DNA. This approach is based on combined
immunopurification by monoclonal antibodies and *?P-postlabeling analysis. The detection limit is about
five adducts per 10'° parent nucleotides, requiring 5-10 pug of DNA. In addition, we describe techniques
for immunohistochemical detection of €dA and edC in tissue biopsies, and the approaches for the analysis
of edA and edC excreted in urine. The utility of these detection methods for human studies is based on:
(1) high sensitivity and specificity, (2) low amounts of DNA required, (3) capability to detect “back-
ground” levels of etheno—-DNA adducts in biopsies, WBC, and urine samples of healthy subjects, and (4)
reliable monitoring of the disease-related increase of these substances in patients.

The described methods are useful in diagnosis and monitoring of chronic degenerative diseases,
including cancer, atherosclerosis, and neurodegenerative disorders.

Key words: Etheno-DNA adducts, Ultrasensitive detection, Oxidative stress, Lipid peroxidation,
Carcinogenesis, Chronic degenerative diseases, Human biomonitoring

1. Introduction

Persistent oxidative stress is currently implicated in over 100
human and animal chronic degenerative diseases (CDD), includ-
ing cancer, inflammatory, infectious, cardiovascular, and neuro-
logical disorders. Oxidative stress enhances lipid peroxidation

Vladimir V. Didenko (ed.), DNA Damage Detection In Situ, Ex Vivo, and In Vivo: Methods and Protocols,
Methods in Molecular Biology, vol. 682, DOI 10.1007/978-1-60327-409-8_14, © Springer Science+Business Media, LLC 2011
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(LPO), and by-products are implicated in the initiation and
progression stages of CDD, in particular under conditions of
chronic inflammation and infections (1). Exocyclic etheno—-DNA
adducts are formed by the reaction of LPO end products, such as
4-hydroxy-2-nonenal (HNE) with DNA bases dA, dC, and dG and
are strong promutagenic DNA lesions causing point mutations
(2). Based on immunopurification by monoclonal antibodies com-
bined with 3?*P-postlabeling, we have developed ultrasensitive and
specific detection methods for 1,N°-etheno-2’-deoxyadenosine
(edA) and 3, N*-etheno-2’-deoxycytidine (edC) in tissue and white
blood cell (WBC) DNA (3). In addition, we describe methods
for the immunohistochemical detection of eédA and edC in tissue
biopsies (4, 5) and for the analysis of human urine samples where
€dA and edC are excreted (6, 7).

Etheno adducts were first detected in target tissues of
rodents treated with the carcinogens vinyl chloride or urethane
where these promutagenic adducts, if not repaired, initiate
carcinogenesis. These adducts are also elevated in cancer (or
CDD)-prone organs of patients suffering from chronic inflam-
mation and infections that act as a driving force to many human
malignancies.

Levels of etheno—DNA base adducts, often elevated by up to
two orders of magnitude, were detected in (1) colon tissue of
ulcerative colitis and Crohn’s disease patients and in the pancreas
of patients with chronic pancreatitis (8), (2) in urine of viral- and
alcohol-associated chronic hepatitis liver cirrhosis and hepatocel-
lular carcinoma patients (4), (3) in atherosclerotic plaques of the
abdominal aorta from patients with cardiovascular disease (1),
and (4) in breast ductal epithelial cells from breast cancer patients
(9). High dietary intake of ®-6 polyunsaturated fatty acids
(a cancer risk factor) markedly increased etheno adduct levels in
WBC of female volunteers (10) and dietary vitamin E and
vegetable intake was protective against such damage (11). In
alcoholic liver disease patients, ethanol-induced cytochrome
P4502E1 expression strongly correlated with hepatic etheno-
DNA lesions (12).

Together these studies indicate that human biomonitoring of
etheno—DNA adducts, by methods we describe here, holds great
promise (1) to diagnose causes and progression of human CDD,
including cancer, atherosclerosis, and neurodegenerative disor-
ders and (2) to verify the efficacy of therapeutic and chemopre-
ventive interventions.

The utility of our detection methods for the application in
human translational studies is based on: (1) high sensitivity and
specificity, (2) only low amounts of DNA required, (3) capable to
detect “background” values of etheno—DNA adducts in biopsies,
WBC and urine samples of healthy subjects, and (4) reliable
monitoring of any disease-related increase in at-risk patients.
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2. Materials

2.1. DNA Isolation

from Buffy Coat Using

a Modified QIAGEN
Midi Kit Protocol

2.2. Enzymatic
Hydrolysis of DNA
by MN-SPD

(DNA Digestion)

2.3. Preparation
of Immunoaffinity
Column

2.4. Immunoaffinity
Clean Up

2.5. TLG Plate
Preparation
(for Three Plates)

N O\ Uk N

B N -

. Isopropanol.

. Ethanol.

. 0.22 um Filters (Millipore).

. QIAGEN DNA extraction Midi Kit (Qiagen).
. Desterroxamine mesylate (Sigma-Aldrich).

. Proteinase K (Roche).

. RNase A and RNase T1 (Roche).

. Filter Microcon YM 50, (Millipore).

. Micrococcal nuclease (MN) (Merck).

. Spleen phosphodiesterase (SPD) (Sigma-Aldrich).

. HPLC, with C18 column reverse-phase 5 um (250 x4.0 mm)

column.

5. Tris base (Sigma).
6. Tris—HCI (Sigma).

. Affi-Gel Hz Immunoafhinity Kit (Biorad).

. CNBr-Sepharose powder.

2. 1 mM HCIL.

. Coupling buffer: (10x) diluted to (1x) in 0.1 M NaHCO,,

pH 8.3, containing 0.5 M NaCl.

. Washing bufter:

A: 0.1 M acetate buffer, pH 4.0 containing 5.0 M NaCl.
B: 0.1 M Tris—-HCI, pH 8.0 containing 0.5 M NaCl.

. Polystyrene minicolumn: i.d. 8 mm, length 102 mm, 2 mL

bed volume (Pierce).

. Commercial Mabs 1G4 for etheno-dA (Santa Cruz): Mabs

EM-A-1(etheno-dA) and EM-C-1(etheno-dC) from: Prof.
Manfred F. Rajewsky and Ms. Kerstin Heise, Institute of Cell
Biology (Cancer Research), University of Duisburg-Essen
Medical School and West German Cancer Center Essen.

. Phosphate-butfered saline, pH 7 containing 0.02% NaN..
. Methanol-water 1:1 (v/v).
. Speedvac.

. Plastic plate 120x20 cm.
. Cellulose powder MN 301 for TLC; (Macherey & Nagel,

816250).
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2.6. 2P-Labeling,
TLC and Quantitation
of Etheno Adducts
(edA, dC)

2.7. Detection

&dA in Urine

by Immunoaffinity-
HPLC-Fluorescence

2.8. Quantification
of edG in Urine by
32P-Postlabeling/TLC

. 5% polyethyleneimine in double distilled water (ddH,O),

pH 6.

4. Mixer.

QN O

10.

O 0 N O Ul N

. Cellulose spreader.
. Rubbing tool.

. [y-**P] ATP 5,000 Ci/mmol.
. Saturated ammonium sulfate.

. 1 M Acetic acid, pH 3.5 adjusted with ammonia.

TLC boxes with radio-protection.

. Liquid scintillation counter.

. TLC plates kept at 4°C for a minimum of 2—-3 weeks.
. T4-polynucleotide kinase.

. 100 mM Tris-HCI, 20 mM CaCl, pH 6.8.

. Standard solutions of normal nucleotide-3’-monophosphates

in ddH,O (20 pmol/uL); the concentration in stock solu-

tions is determined from the molar absorption at A, nm

which is for dA=14.75; for dC=7.35; for dG=11.75; and
for T=8.75x103L/M/cm.

100 mM ammonium formate, pH 7.5 adjusted with ammonia.

. HPLC butffer: 25 mM ammonium acetate, pH 6.8, containing

14.2% methanol.

. Commercial Mabs 1G4 for etheno-dA (Santa Cruz); Mabs

EM-A-1(etheno-dA) and EM-C-1(etheno-dC) from: Prof.
Manfred F. Rajewsky and Ms. Kerstin Heise, Institute of Cell
Biology (Cancer Research), University of Duisburg-Essen
Medical School and West German Cancer Center Essen.

. Rabbit IgG (Sigma-Aldrich, Schnelldorf).

4. Tris—HClI buffer: 10 mM Tris—HCI, pH 7.5, 140 mM NaCl,

0 N O v

3 mM NaN,, containing 1% bovine albumin, and 0.1%
rabbit IgG.

. Methanol-water 1:1 (v/v).

. HPLC with C18 column reverse-phase 5 pm (250 x4.0 mm).
. Creatinine kit (Sigma-Aldrich).

. €dA standard (Sigma)

. 5’-Bromo-2’-deoxyuridine (BrdU) (Sigma-Aldrich); stock

BrdU solution contains 50 fmol/uL (10 uL), add 490 pL
ddH,O: final concentration is 1 fmol/uL, add 2 uL to the
reaction mixture (see 3.2.2.4).

. LC-18 solid-phase silica column (500 mg, 3 mL) (Supelco

Park, Bellefonta).



2.9. Immunobhisto-
chemical Detection of
edA and dC in Liver
Tissue
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. The multisubstrate deoxyribonucleoside kinase cloned from

Drosophila melanogaster (provided by Dr. A. Karlsson,
Karolinska Institute, Stockholm, Sweden).

4. Methanol-water (1:1 v/v).

N

—
W N = O

14.
15.
16.
17.
18.
19.
20.

21.

22.

O 0 N O Ul R W N

. HPLC with a Hypersil ODS column 5 pum (250x8 mm)

connected with an automatic fraction collector.

. Stock €dC solution contains 5 fmol/uL (5 puL) add 20 pL

ddH,O: Final concentration is 1 fmol/uL, add 2 uL to the
reaction mixture.

. X-ray films (Fuji medical X-ray film, 100 NIF, 28 x20 cm).

. Tween-20 (polyoxyethylene sorbitan monolaurate).

. Triton X-100 (#-octylphenoxypoly-ethoxyethanol).

APES (3-aminopropyl-triethoxysilan).

. Bovine serum albumin (BSA).

. Tris—=HCI (Sigma-Aldrich).

. Tris base (Sigma-Aldrich).

. Hematoxylin.

. Kaiser’s glycerin-gelatin mounting media.
. Perhydrol (H,0,).

. Methanol p.A.

. KH,PO, p.a. (Merck).

. Na,HPO, p.a. (Merck).

. Biotinylated goatantimouse IgG and avidin-biotin—peroxidase

(ABC) complex (Vectastain elite ABC kit).
3,3’-Diaminobenzidine (DAB) substrate kit (Linaris).
4,6-Diamidino-2-phenyl-indole diacetate (DAPI).
ImmunoPure (A/G)IgG purification kit (Pierce).
Microcon microconcentrators (Millipore).

Proteinase K (Roche).

RNase (Roche).

Commercial Mabs 1G4 for etheno-dA (Santa Cruz); Mabs
EM-A-1(etheno-dA) and EM-C-1(etheno-dC) from:
Prof. Manfred F. Rajewsky and Ms. Kerstin Heise, Institute
of Cell Biology (Cancer Research), University of Duisburg-
Essen Medical School and West German Cancer Center
Essen, Hufeland-Strasse 55, D-45122 Essen Germany.

Blocking-solution: 10% BSA, 2% horse serum, 0.05% Tween-
20, 0.05% Triton X-100 in PBS.
RNase A solution: Preheat RNase A at 80°C for 10 min, and

prepare a solution containing 100 pg/mL in 50 mM Tris
base pH 7.4.
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3. Methods

3.1. 1,N6- 1. Extract DNA from buffy coats corresponding to 5-6 mL of
Ethenodeo- blood using the Qiagen Midi kit and protocol from Qiagen
xyadenosine (c dA) (see Note 1).

and 3,N*-Ethenodeo- 2. Prepare digestion buffer (G2) by adding desferroxamine at a
xycytine (edC) in concentration of 5 mmol /L.

WBC-DNA Quantified 3. Suspend bufty coat in 1 mL G2 bufter, vortex and mix thor-
by Immunoaffinity/* oughly for 5 min.

F;Posflabelmg 3) 4. Adjust the total volume to 10 mL with G2 buffer; add 100 uL
(Fig. 1) proteinase K (25 pg/uL in water).

3.1.1. DNA Isolation from 5. Incubate at 37°C for 4 h, and then leave overnight at 4°C.
WBGs Usmlg 'a MOdIﬂEd 6. Inactivate DNase activity of RNase A by heating for 10 min
QIAGEN Midi Kit at 80°C.

7. Add 25 pL of RNase A (10 nug/uL heated before to inactivate
the DNase, see step 6) and 20 uL of RNase T1 (5 U/uL) to
the samples. Incubate for 60 min at 37°C.

8. Equilibrate the Midi column with 4 mL equilibrating buffer
(QBT buffer and allow the buffer to drain off).

9. Vortex the samples thoroughly for 5 min and load on the
equilibrated column.

10. Wash the column with 2x 7.5 mL QC buffer.
lEnzymatic Hydrolysis (MN/SPD) g
Normals i s
| DNA hydrolysate | = (HPLC analysis) | —
gmh EM-A-1
a b
l‘ ]
3 . \‘
gmb EM-C-1 .\‘ .‘1 2
r : 3 3 -
32p_postlabeling (pH 6.8) 2D TLC . i B
- — separation ’ ‘e
o1 .o
Dz)

Detection limit - 5

1070 parent nts

Fig. 1. Scheme depicting the immunoaffinity/*2P-postlabeling-TLC method for the analysis of 1,\®-ethenodeoxyadenosine
(edA) and 3,N*-ethenodeoxycytine (edC) in tissue and WBC-DNA. Typical autoradiograms of edA and €dC on TLC (a):
Standard edA (spot no. 1), edC (no. 2), and internal standard dU (no. 3); (b): Corresponding spots from human WBC DNA.



3.1.2. Enzymatic
Hydrolysis of DNA by
MN-SPD (DNA Digestion)

3.1.2.1. Reaction

3.1.2.2. Filtration

3.1.2.3. Separation
and Quantification
of the Normal Nucleotides

11

12.
13.

14.

15.

16.
17.

18.
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. Add 1.6 mol/L of NaCl to elution bufter (QF) and adjust the

pH with HCl to 7.4 by adding 1.14 g/50 mL buffer and few
drops of HCI; before use, heat the QF buftfer to 50°C.

Elute the DNA with 1 x5 mL preheated QF bufter.

Precipitate the DNA at room temperature by adding 3.5 mL
of cooled isopropanol (see Note 2).

Centrifuge the tube at 7,500 x g for 10 min, discard the super-
natant carefully (do not disturb the pellet).

Wash the pellet with 1 mL 70% cold ethanol (kept at 4°C)
and air dry the samples.

Redissolve the pellet in 0.5 mL water keep at 4°C overnight.
Dilute (1-20) a small aliquot of DNA as needed (in duplicate
samples) in ddH,O.

Measure the OD at 260 nm and record the ratios 230,/260
and 260,/280 nm; expected yield of DNA per sample is
100 pg (see Note 3).

. Dissolve 5-25 pg of DNA in 92 uL of ddH,O.

. Add 100 pL of 100 mM Tris-HCI, 20 mM CaCl,, pH 6.8.

. Add 4 uL (0.2 U/uL) of MN (final concentration 0.004 U /uL).
.Add 4 uL (0.025 U/uL) of SPE (final concentration

0.0005 U /uL); total volume is 200 pL.

. Incubate the samples at 37°C with shaking for 4 h (reduced

to 3 h in case of low amount of DNA).

. Prewash: 100 pL is added to microcon tubes, centrifuge at

10,000 x g for 10 min at 4°C.

2. Discard tube containing washing ddH,O.

. Load the total solution (200 pL) from the DNA digestion

reaction in the microcon tubes, centrituge at 10,000 x4 for
10 min at 4°C.

. Rinse the microcon tubes with 100 uL. ddH,O at 10,000 x g

for 10 min at 4°C; after filtration, the total volume of the
solution is 300 pL.

. Run HPLC in an isocratic elution mode with ammonium for-

mate 100 mM, pH 7.5 (1.0 mL/min), like a Hewlett Packard
liquid chromatography system equipped with a UV-monitor
at A=254 nm and a C18 LC column.

. Inject 20 pL of the standards and digested DNA solution in

the HPLC system.

. Quantify the different nucleotides using the standards

chromatograms.
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3.1.3. Preparation
of Immunoaffinity Column

3.1.4. Immunoaffinity
Clean Up

NeRe RN BNON

18.

. Suspend CNBr-Sepharose 4B gel (powder) 0.8 gin 5 mL of

1 mM HCI (minisorp polyethylene immunotube (Nunc)).

. Wash with 1 mM HCI, 10x with 5 mL each; centrifuge at

700 x g for 10 min at 4°C.

. Resuspend in 5 mL of coupling bufter.
. Wash twice with coupling buffer; centrifuge at 2,000 x g4 for

10 min at 4°C.

. Add an equivalent of 0.5 pg of monoclonal antibody (EM-A-1

for edA, EM-C-1 for £dC).

. Stir at 4°C overnight.

. Centrifuge at 2,000 x g for 10 min at 4°C.

. Wash with coupling buffer 5x with 5 mL each.
. Centrifuge at 2,000 x g for 10 min at 4°C.

10.
11.
12.
13.
14.
15.
16.
17.

Resuspend gel into 5 mL of 0.1 M Tris-HCI butfter, pH 8.
Stir end-over-end at 4°C overnight.

Centrifuge at 2,000 x g for 10 min at 4°C.

Wash with washing buffer A and B, 5x with 5 mL each.
Centrifuge at 2,000 x g for 10 min at 4°C.

Wash twice with 5 mL of PBS buffer containing 0.02% NaN..
Pour 1/6 aliquots of gel into polystyrene minicolumn.

Before use, wash column with PBS buffer containing 0.02%
NaN, for further use.

Fill the immunoaffinity columns with PBS and store them
at 4°C.

. Wash the columns sequentially at room temperature with

10 mL water, 15 mL methanol-water, 5 mL water, and 5 mL
PBS.

. When the PBS is almost drained out, take the columns to the

cold room and load 280 uL of DNA hydrolysate to each col-
umn made of monoclonal antibodies (EM-A-1 for edA and
EM-C-1 for edC).

. Allow to drain out and wash the columns with 8 x5 mL PBS

tfollowed by 2 x5 mL water; discard the washings.

. Bring the columns to room temperature and elute the etheno

adducts (edA, edC) from each pair of columns with 2x 2.5 mL
methanol-water.

. Stir gently the elute and aliquot into 2x5 mL and dry in

speedvac overnight.

. Resuspend the sample in 400 pL methanol-water.
. Transfer to 0.5 mL Eppendorf tube.
. Dry the tubes in a speedvac and store at —20°C for 3 months

maximum.



3.1.5. TLC Plate
Preparation
(for Three Plates)

3.1.5.1. Preparation
of PEI Cellulose

3.1.5.2. Preparation
of Plastic Plates

3.1.5.3. Plating

3.1.6. %2P-Labeling, TLC
and Quantitation of Etheno
Adducts (edA, edC)
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. Dissolve 67.5 g cellulose powder in 285 mL of ddH,O.
. Add 60 mL of 5% PEI, pH 6 and mix well.

. Remove bubbles under vacuum for 1 h.

. Rub one side of plastic by rubbing tool (till getting equally

rough surface).

. Put on glass plate.
. Clean twice with ddH,O and dry.

. Clean once with detergent, without surface modifying sub-

stance, clean again with ddH,O twice and dry.

. Clean with 100% ethanol.

. Spread PEI cellulose solution with a rubbing tool (thickness

0.3 mm).

. Let drying overnight.
. Cut 20 cm long (5-6 plates/1 long plate).
. Dry in an oven at 50°C for 2 h.

. Pack in aluminum foil and keep at 4°C for a minimum of 2—-3

weeks before use.

. Dissolve the dried samples obtained from the immunoaf-

finity in a 10 uL mixture containing 50 mM Tris—-HCI, pH
6.8, 10 mM MgCl,, 10 mM dithiothreitol, 100 amol 3'-
dUMP as internal standard (IS), [y-**P]ATP (10 nCi, spec.
act. 5,000 Ci/mmol), and 10 U T4-polynucleotide kinase;
keep tubes in ice.

. Incubate the tubes at 37°C for 90 min, centrifuge and spot

onto the left side of prewashed TLC plates at 1.5 cm from the
margins (see Note 4).

. Run the first direction (D1) with 1 M acetic acid, pH 3.5, for

3 h.

. Dry the plates and clip at 2 cm above the origin to remove the

excess of radioactive ATP and develop in the second direction
(D2, perpendicular to the first) with saturated ammonium
sulfate at 20+2°C, pH 3.5 (adjusted with H,SO,) overnight.

. Run in parallel plates containing 100 amol each of the stan-

dard 3'-edAMP, 3'-edCMP, and 3'-dUMP; label and separate
in a similar way as described above.

. Trim at 1.5 cm from the top of the second direction to remove

radioactive inorganic phosphate and expose to X-ray films in cas-
settes supported with intensitying screens at —-80°C for 6-12 h.

. Cut out the sections of the TLC plates corresponding to the

spots of the etheno nucleotides (edA and edC as 5'-mono-
phosphates) and of 5-dUMP; determine radioactivity by
liquid scintillation counting.
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3.2. Urinalysis of € dA
and edC

3.2.1. Detection edA

in Urine by Immunoaffinity-

HPLC-Fluorescence (6)
(Fig. 2)

3.2.1.1. Preparation
of Urine Samples

3.2.1.2. C18 Column
Enrichment

10.

N QN O W N~

o N~

Fig.

. Measure the background counts from the appropriate blank
areas on the TLC plates and subtract.

. Calculate the amount of edA or of édC (in amol) in the spots
by (F2/F1)x 100, whereby F is equal to c.p.m. of edAMP (or
of edCMP) divided by c.p.m. of dUMP in standard; F2 is
equal to c.p.m. of edAMP (or of edCMP) divided by c.p.m.
of dUMP in sample.

Calculate the numbers of €dA or edC adducts per parent
nucleotide in DNA from the ratio: Quantity of etheno adducts
measured on TLC over quantity of parent nucleotide in the
sample derived from the HPLC-analysis.

. Take 2 mL of urine sample and filter through 0.22 um filter.
. Spike with [2,8-3H]-1, N°-ethenoadenine (*H-€A, IS).

. Add 1 mL of cold ethanol and keep at -20°C for 30 min.

. Vortex thoroughly for 30 s.

. Centrifuge at 2,000 x g for 10 min to precipitate proteins.

. Transfer supernatant to a new 7 mL tube.

. Dry under vacuum.

. Dissolve in 0.5 mL of ddH,O.
. Load onto a C18 column (500 mg, 3 mL).
. Prewash with 10 mL of methanol following 10 mL of ddH,O.

. After loading the sample, wash with 10 mL of NaH,PO,,

pH 6.8, followed by 10 mL of ddH,O and 10 mL of 10%
methanol-water to remove the bulk of normal nucleosides
at 4°C.

[*HeA (1L.5.)
v

I Purification by an anion exchange-C18 column I

r

| C18 semi-preparative RP-HPLC |

Immuno-precipitation (Mab EM-A-1)

L4
Enriched edA — | HPLC analysis with FLD (ex. 230 nm; em. 410 nm)
Datact

ion limit - & fm

2. Scheme depicting the immunoaffinity-HPLC-fluorescence method for the

detection of dA in human urine.



3.2.1.3. Separation
by Preparative HPLC

3.2.1.4. edA Determination
in Urine

3.2.2. Quantification of edC
in Urine by
%2P-Postlabeling/TLC (7)
(Fig. 3)

3.2.2.1. Preparation

of Urine Samples

3.2.2.2. G18 Column
Enrichment

(NS

N QN U W

B w0 N

. Detect edA by A
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. Elute with 5 mL of 50% methanol at room temperature.

. Dry under vacuum.

. Dissolve the dried sample in 100 uL. methanol, centrifuge,

carefully remove the supernatant and dry it.

. Dissolve the dried sample in HPLC buffer and resolve onto a

semipreparative C18 column (260x8 mm i.d.).

. Select the fractions containing the IS [*H]-eA (fraction 1)

and edA (fraction 2).

. Count radioactivity of fraction 1 containing [*H]-eA for

recovery correction.

. Concentrate fraction 2 containing edA by vacuum centrifuga-

tion followed by immunopurification for HPLC-FD analysis.

. Redissolve the dried sample in Tris—HCI buffer and monoclo-

nal antibody EM-A-1.

. Precipitate the antigen—antibody complex with saturated

ammonium sulfate.

. Wash the precipitate with methanol:water (1:1 v/v).
. Dry under vacuum.
. Analyze the residue by HPLC consisting of an HP1100 pump

with an HP1046A fluorescence detector (Hewlett Packard).
230 nm/A__ . 410 nm and quantify

excitation emission

from a standard curve using standard edA.

. Measure urinary creatinine levels by picric acid-based method

using a kit according to supplier’s protocol; normalize edA
concentration using urinary creatinine levels and express as
fmol edA /umol creatinine.

. Take 1 mL of urine sample and filter through 0.22 pum filter.
. Spike with [2.8-*H]-1, N°-ethenoadenine (*H-eA), as an IS

to check the HPLC purification yield.

. Add 1 mL of cold ethanol and keep at -20°C for 30 min.
. Vortex thoroughly for 30 s.

. Centrifuge at 2,000 x g for 10 min to precipitate proteins.
. Transfer supernatant to a new 7 mL tube.

. Dry under vacuum.

. Dissolve in 0.5 mL of ddH,O.

. Load onto a C18 column (500 mg, 3 mL).

. Prewash with 10 mL of methanol followed by 10 mL of ddH,O.
. Load sample, wash with 10 mL of NaH,PO,, pH 6.8, fol-

lowed by 10 mL of ddH,0O and 10 mL of methanol:water
(1:10 v/v) to remove the bulk of normal nucleosides at 4°C.
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1 0.22 p filter + [3H]-¢A (1.S.)

Superclean LC-18 column (500 mg, 3 mL) I D1_ * - r
L Dzoﬁs- LS.

!

l

| Fraction edA & edC I

-
. a
Vacuum concentration, prep. RP-HPLC - LS,
1 g A oiC
: L |
| Fraction 1.S. I Z
l £ r's i ‘/etl(.‘
Scintillation counting §
for recovery correction =
= N
I U T T I I I I ¥
0 10 20 30 40 S50 6 70 80 90
32P-postlabeling/TLC T' .
analysis with Dm-DNK ime (min)

Detection limit — 100 amol in 500 pL urine

Fig. 3. Scheme depicting the *2P-postlabeling-TLC method for the detection of edC in human urine. Typical autoradio-
grams of edC on TLC (top panels) and HPLC profiles (bottom panels): (a) Standard of edC and internal standard (IS);
(b) Human urine sample showing edC and IS.

5
6
3.2.2.3. Separation 1.
by Preparative HPLC 2

3.2.2.4. %%P-Labeling, TLC 1.
and Quantitation of edC

. Elute with 5 mL of methanol:water (1:1 v/v) at room

tempcerature.

. Dry under vacuum.

Dissolve the dried sample in 100 pL. ddH,O.

. Inject into HPLC equipped with 10x250 mm, 5 um, ODS

column.

. Select fractions: fraction 1 IS ([¥H]-eA); fraction 2, edC.

. Count radioactivity of fraction 1 containing [*H]-eA for

recovery correction.

. Concentrate fraction 2 containing the edC by vacuum cen-

trifugation followed by 3?P-postlabeling/TLC analysis.

Carry out the **P-Postlabelling of the urinary edC as described
in Subheading 3.1.6 with minor modifications (3).

. Add 1 tmol of 5'-bromo-2'-deoxyuridine (BrdU) to the dried

samples obtained from pre-HPLC and adjust to 10 pL with a
bufter containing 50 mM Tris-HCI, pH 6.8, 10 mM MgCl,,
10 mM dithiothreitol, [y-**PJATP (10 uCi, spec. act.
6,000 Ci/mmol), and 0.5 pug deoxyribonucleoside kinase
from Drosophila melanogaster (Dm-DNK).

. In parallel, label 2 fmol of edC standard in separate tubes, in

a similar way.



3.3. Immunohisto-
chemical Detection of
&dA and edGC in Human
and Rat Livers

3.3.1. Immunostaining
for edA and edC in Human
Liver Tissue (4, 12)
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. Incubate the samples at 37°C for 2 h, centrifuge and spot on

the left side of prewashed PEI-cellulose plates.

. Develop the plates by two-dimensional TLC and expose to

X-ray films.

. Cut out the sections of the TLC plates corresponding to the

spots of [#P]-edC-5'-monophosphate and of [3?P]-BrdU-5'-
monophosphate and determine the radioactivity by liquid
scintillation counting.

. Determine the background counts using appropriate blank

areas on the TLC plates and subtract them.

. Calculate the fmol of €dC in the spots by the term: (F2/

F1)x100, whereby Fl=c.p.m. of edC/c.p.m. of BrdU (IS) in
standard and F2=c.p.m. of edC/c.p.m. of BrdU (IS) in sample.

. Normalize the €dC concentration using urinary creatinine

levels and express as fmol edC/umol creatinine.

. Using a cryotome cut frozen liver into sections of 6 wm thick-

ness, immediately fix with cold acetone at 4°C for 10 min and
air dry.

. Dip in PBS for 10 min.

. Dip in 0.3% H,O, in absolute methanol at room temperature

for 10 min to quench endogenous peroxidase activity.

4. Wash in PBS for 5 min.

NoRc BN BN

10.

11.

12.
13.

14.
15.

. Treat with proteinase K (10 ug/mL in ddH,O) at room tem-

perature for 10 min to remove histone and nonhistone pro-
teins from DNA, to increase antibody accessibility.

. Wash in PBS for 5 min.

. Treat the slides with RNase A solution for 1 h at 37°C.

. Wash in PBS for 5 min.

. Treat with 4 N HCI for 5 min at RT to denature DNA; rinse

with PBS followed by ddH,O; neutralize the pH by incubat-
ing for 5 min at room temperature with 50 mM Tris base
bufter, pH 7.4.

Block nonspecific binding sites by incubation with a blocking
solution at 37°C for 20 min.

Incubate with primary antibody (EM-A-1 for edA detection
or EM-C-1 for edC detection, dilution 1:20) containing 2%
horse serum in PBS at 4°C overnight.

Wash in PBS for 5 min 3x.

Incubate with horse antimouse IgG (Vectastain, dilution
1:400) containing 2% horse serum in PBS at room tempera-
ture for 1 h.

Wash in PBS for 5 min.

Incubate with ABC solution for 30 min at room temperature.
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3.3.2. Immunohisto-
chemical Detection of edA
in Rat Liver Tissue (5)

16.
17.

18.
19.

20.
21.

Wash in PBS for 5 min.

Stain with fresh working solution of DAB for 2 min (see
Note 5).

Wash in water.

Stain with DAPI (2 pg/mL=6 pL from 1 mg/mlL DAPI
into 3 mL PBS) for 30 s.

Wash in PBS.

Cover with Kayser’s gelatine.

. Cut frozen liver using a cryotome (Fig. 4) into 6 um sections

and immediately fix with cold acetone at 4°C for 10 min and
air dry.

2. Dip in PBS for 10 min.

. Dip in 0.3% H,O, in absolute methanol at room temperature

for 20 min to quench endogenous peroxidase activity.

4. Wash in PBS for 5 min.

NeRNC BN BN

14.
15.

16.
17.

18.
19.

20.
21.
22.

. Treat with proteinase K (20 ug/mL in ddH,O) at room tem-

perature for 10 min to remove histone and nonhistone pro-
teins from DNA to increase antibody accessibility.

. Wash in PBS for 5 min.

. Treat the slides with RNase A solution for 1 h at 37°C.
. Wash in PBS for 5 min.

. Incubate in blocking solution at 37°C for 10 min.

10.
. Denature with 4 N HCI 5 min at room temperature.
12.
13.

Wash in PBS.

Dip in ddH,O then PBS.

Neutralize pH with 50 mM Tris base pH 7.4 for 5 min at
room temperature.

Dip in ddH,O then PBS.

Incubate at 37°C for 20 min, in a solution containing four
drops of avidin solution per mL of blocking solution.

Rinse in PBS.
Incubate in a solution containing four drops of biotin solu-
tion per 1 mL of primary antibody solution at 4°C overnight

(primary antibody solution: EM-A-1 1:20, and 2% horse
serum in PBS).

Wash in PBS for 5 min 3x.

Incubate with horse antimouse IgG 1:400 and 2% horse
serum in PBS at room temperature for 1 h.

Wash in PBS for 5 min.
Incubate with ABC solution for 30 min at room temperature.
Wash in PBS for 5 min.
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Fig. 4. Immunohistochemical staining of human liver sections showing the formation of edA
adducts in nuclear DNA: (a) negative control, (b) patient with alcoholic liver disease, and (c)
patient with chronic hepatitis C viral infection. In these patients, who are prone to liver cancer,
the levels of etheno—DNA adducts are often elevated by up to two orders of magnitude.

23. Stain for 2 min with freshly prepared DAB-Ni (see Notes 6
and 7).
24. Wash in water.

25. Stain with DAPT (2 pg/mL=6 pL from 1 mg/mL DAPI
into 3 mL PBS) for 30 s.
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3.3.3. Imaging and
Semiquantitative Analysis
of edA

3.3.4. Statistical Analysis

26. Wash in PBS.
27. Cover with Kayser’s gelatine.

28. Take images and do semiquantitative analysis and statistical
evaluation of edA-prevalence.

Make images with a microscope equipped with a camera Axiocam
(Carl Zeiss) for color pictures and the imaging software Axiovision.
Measure the relative mean pixel intensity of randomly selected
nuclei using the imaging software (Lucia G, Nikon). Count the
positively stained cell nuclei that have an arbitrary mean pixel
density >0.5. Use the ratio of positively stained nuclei over the
total number of cellsx 100 to express the percentage of relative
edA-prevalence. When the needle biopsies are small, count a min-
imum of 25 cells per slide.

Test the statistical significance of a difference using the Kruskal—
Wiallis test; analyze the rank correlations by Kendall’s zan test.
Use a program such as “ADAM” (DKFZ Heidelberg) for statisti-
cal evaluation.

4. Notes

1. This kit can be used effectively for a maximum of 15 mL of

blood.

2. Sometimes you may not see the floating DNA. In such a case,
store the mixture at 4°C overnight.

3. A solution of 200 ug DNA/mL when diluted tenfold will
give approx. OD, =0.4.

260
4. Spot the total volume at one shot, otherwise double spots are
observed.

This is critical, to avoid confusion with €A and €C spots from
RNA contamination which run close to edA and edC spots.

5. Prepare the working DAB solution using the kit immediately
before use. To 5 mL of distilled water, add two drops of but-
ter stock, four drops DAB stock solution, two drops of
Hydrogen peroxide solution, and mix well for 2 min.

6. For preparing the working DAB-Ni add two drops of Nickel
solution to the DAB solution (see Note 5) and mix well.
Caution: Both DAB and nickel chloride are suspected
carcinogens. Take appropriate care when using these reagents.

7. DAPI staining is the same for both human and rat liver tissue.
DAB staining is slightly different for the two tissues. In the case
of rat liver tissue, DAB-NIi is used because nickel salt is neces-
sary to reduce the background and increase the sensitivity.
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Chapter 15

ELISpot Assay as a Tool to Study Oxidative Stress
in Peripheral Blood Mononuclear Cells

Jodi Hagen, Jeffrey P. Houchins, and Alexander E. Kalyuzhny

Abstract

Enzyme-Linked Immuno Spot (ELISpot) assay is widely used for vaccine development, cancer and AIDS
research, and autoimmune disease studies. The output of an ELISpot assay is a formation of colored spots
which appear at the sites of cells releasing cytokines, with each individual spot representing a single
cytokine-releasing cell.

We have shown that hydrogen peroxide-induced oxidative stress was causing ~twofold decrease in
the number of lymphocytes secreting the TH1 cytokines IFN-gamma and IL-2, as well as chemokine
IL-8 and cytokine TNF alpha. However, the number of cells secreting TH2 cytokines IL-4 and IL-5 in
hydrogen peroxide-treated group did not change. Our ELISpot data indicate that oxidative stress may
affect TH1-TH2 cytokine secretion balance which, in turn, may underlie developments of various patho-
logical conditions. We adopted ELISpot assay for studying oxidative stress in human peripheral blood
lymphocytes by analyzing the acute effect of hydrogen peroxide treatment on the frequency of cells
secreting IFN-gamma, IL-2, IL-4, IL-5, IL-8, and TNF-alpha.

Key words: ELISpot, Oxidative stress, Peripheral blood mononuclear cells, PBMCs, IFN gamma,
TNF alpha, IL-2, IL-8, TH1 and TH2 cytokines, Reactive oxygen species, ROS

1. Introduction

Reactive oxygen species (ROS), such as hydrogen peroxide (H,0O,),
can be generated in live cells and tissues either via normal oxidative
intracellular metabolism or induced by extracellular toxins which
inhibit the activity of antioxidant enzymes. Reduced endogenous
antioxidant capacity causes natural overproduction of ROS which,
in turn, leads to oxidative stress. H,O, can affect different bio-
chemical reactions in human lymphocytes, including alterations in
enzymatic activities, lipid peroxidation, and damage to DNA, and
it was reported that short-term exposure of lymphocytes to H,O,

Vladimir V. Didenko (ed.), DNA Damage Detection In Situ, Ex Vivo, and In Vivo: Methods and Protocols,
Methods in Molecular Biology, vol. 682, DOI 10.1007/978-1-60327-409-8_15, © Springer Science+Business Media, LLC 2011
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suppresses NFkB, AP-1, and NFAT transcription factors which
play important roles in regulating the production of cytokines (1).

The objective of this study was to examine the effect of oxida-
tive stress induced by H,O, in unstimulated peripheral blood
mononuclear cells (PBMCs) on their capacity to secret IFN-
gamma, IL-2, IL-4, IL-5, IL-8, and TNF-alpha. Our oxidative
stress model utilized short-term treatment of lymphocytes cul-
tured in vitro with H,O, in a concentration that does not impair
lymphocyte viability (2). We employed ELISpot assays (3-5)
which are more sensitive than ELISA (6) and permit the determi-
nation of frequency of cytokine-secreting cells.

ELISpot allows the detection of just a few cytokine-releasing
cells out of tens of thousands making this technique a method of
choice for vaccine development (7-9), cancer research (10), AIDS
research (11-13), allergy research (14), and autoimmune disease
studies (15-17).

Our results indicate that H,O,-induced oxidative stress sig-
nificantly inhibits the secretion of the TH1 cytokines IFN-gamma
and IL-2, as well as proinflammatory chemokine IL-8 and inflam-
matory cytokine TNF-alpha (Table 1, Fig. 1). It appeared that
acute oxidative stress induced by H,O, did not affect the fre-
quency of cell secreting TH2 cytokines: the regulator of adaptive
and humoral immunity 1L.-4 and B-cell activator IL-5. Inter-
estingly, there was no linear correlation between the number of
cultured cells and the number of spots for each cytokine tested
(Table 1). The lack of such a correlation is not completely under-
stood and additional studies are required to address this issue.

We find that ELISpot assay can be easily adapted for studying
oxidative stress in human lymphocytes and, if combined with multi-
donor testing (18), ELISpot can be used for high-throughput
screening of multiple oxidative stress substances.

2. Materials

2.1. Isolation of
Human PBMCs

1. Ficoll-Paque PLUS (GE Biosciences, St. Giles, UK).
2. 50 mM Phosphate-buftered saline (PBS), pH 7.2.

3. Red Blood Cells lysing solution: 155 mM NH,Cl cell-lysing
solution, 10 mM NaHCO,, and 0.1 mM EDTA.

4. RPMI complete culture medium (1 L) (Gibco-BRL, Grand
Island, NY) supplemented with 50 mL of heat-inactivated Fetal
Calf Serum (Sigma Chemical Co., St. Louis, MI), 1.19 g Hepes,
2.0 g of Sodium Bicarbonate, 3.5 uL of beta-mercaptoethanol,
50 mg Gentamicin Reagent Solution (Gibco-BRL, Grand
Island, NY), and heat-inactivated Fetal Calf Serum (Sigma
Chemical Co., St. Louis, MI) (see Notes 1 and 2).

5. Centrifuge allowing spinning 50 mL culture tubes at 500 x g.
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Oxidative Damage Control
- .
: .
IL-4 .
: .
: .
TNF-o. .

Fig. 1. Typical ELISpot images of secreted cytokines from peripheral blood lymphocytes.
Note prominent inhibitory effect of oxidative stress on secretion of all cytokines except
IL-4 and IL-5.



2.2. Induction
of Oxidative Stress

2.3. ELISpot Assays
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. Hemacytometer (Thermo Fisher Scientific, Rochester, NY)

to count lymphocytes under the microscope.

7. Trypan Blue Dye (Gibco BRL, Grand Island, NY).
. Upright microscope equipped with bright-field illumination

and phase contrast condenser.

. Reagent to induce oxidative stress: first prepare 0.5 mM solu-

tion of H,O, by adding 0.5 puL of 30% H,O, to 8.8 mL of
Hank’s Balanced Salt Solution (HBSS; Gibco BRL, Grand
Island, NY). Then, prepare 5 uM solution of H,O, by adding
100 uL of 0.5 mM H, O, solution to 9.9 mL of HBSS. Store
at 4°C. Calculate the working volume of Oxidative Stress
reagent needed for the stimulation of lymphocytes in culture
flasks.

. Commercially available ready-to-use ELISpot assay kits (R&D

Systems, Inc.) to study the secretion of human IFN-y (Cat #
EL285),IL-2 (Cat # EL202), IL-4 (Cat # EL204), IL-5 (Cat
# EL205), IL-8 (Cat # EL208), and TNF-o (Cat # EL210).
Each kit includes a dry 96-well PVDF membrane-backed
plate precoated with capture antibody, a concentrated
solution of detection antibody, a concentrated solution of
streptavidin-conjugated alkaline phosphatase, BCIP/NBT
chromogenic substrate, wash and dilution bufters.

. Mitogens to stimulate the release of cytokines from cultured

PBMGC:s: Calcium Ionomycin (Cal, #C-7522, Sigma Chemical
Co., St. Louis, MI), Phorbol 12-myristate 13-Acetate (PMA,
#P-8139, Sigma Chemical Co., St. Louis, MI), Phaseous
Vulgaris Red Kidney Bean Phytohemaglutinin (PHA,
#1.-3897, Sigma Chemical Co., St. Louis, MI).

. Hand-held Nunc-Immuno™ 12 plate washer (Thermo Fisher

Scientific, Rochester, NY).

. Membrane removal device (MVS Pacific, Minneapolis, MN).
. ELISpot plate reader QHub (MVS Pacific, Minneapolis, MN).

3. Methods

3.1. Isolation
of Human Peripheral
Blood Lymphocytes

. Collect Blood samples from healthy donors in standard

citrate-phosphate-dextrose unit bags (Leukopack, Memorial
Blood Centers of Minnesota) and separate PBMCs using
density centrifugation (500 x g for 30 min) of 25 mL of blood
layered on 20 mL of 1.077 g/mL Ficoll-Paque Plus at 25°C
(see Note 3).
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3.2. Induction
of Oxidative Stress

3.3. ELISpot Assays

2.

Discard the upper plasma layer after centrifugation and trans-
fer PBMCs into two sterile 50 mL tubes.

. PBMCs were then resuspended in 45 mL of sterile PBS and

centrifuged for 5 min at 500 x g.

. Discard supernatant and resuspend the pellet in 10 mL of

Red Blood Cells lysing solution and incubate for 5 min at
room temperature.

. After lysing, add sterile PBS to reach 50 mL graduation mark

on the tube to resuspend PBMCs.

. Centrifuge tubes for 5 min at 500 x 4.
. Discard supernatants and supplement 30—40 mL of RPMI com-

plete medium with heat-inactivated Fetal Calf Serum, Hepes,
Sodium Bicarbonate, beta-mercaptoethanol and Gentamicin
Reagent Solution, and add to the tubes with PBMCs.

. Mix cells 1:2 with Trypan Blue dye and pipette 10 UL of that

mixture into each side of a hemacytometer under a coverslip
(see Note 4). Count cells under the microscope using 20x
lens and phase contrast condenser.

. Add H,0O, directly to PBMCs in culture media and incubate

in 37°C/CO, humidified incubator for 30 min.

. Transfer PBMCs from the incubator into a sterile hood, dis-

card culture media with H,O, and rinse cells three times with
sterile culture media.

. Prepare several serial dilutions of PBMCs and mix them with

corresponding mitogens (see Note 5).

. Plate PBMCs (100 uL/well; 6 wells per group) into the

ELISpot plates at following cell concentrations (see Note 6):
(a) IFN-gamma assay: 10* and 10° cells/mL;
b) IL-2 assay: 5x10* and 2 x 10° cells/mL;
¢) IL-8 assay: 10* and 5x 10* cells/mL;
d) TNF-alpha assay: 5x 10% and 5 x 10* cells/mL;
e) IL-4 assay: 5x10° and 2x10° cells/mL;
(f) IL-5 assay: 10° and 5x 10° cells/mL.

(
(
(
(

. Stimulate PBMCs with mitogens added directly to cells in

ELISpot plates and incubate in a CO, incubator at 37°C (see

Notes 7 and 8). Use the following stimulation and incubation

interval:

(a) IFN-gamma, IL-2, IL-5 and IL-8: stimulate with a mix-
ture of 0.5 ug/mL of Calcium Ionomycin and 50 ng/mL
of PMA for 18 h;

(b) IL-4: stimulate with 3 pg/mL of PHA for 18 h;

(¢) TNF-alpha: no mitogens added, incubate for 18 h.
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. After finishing the incubation, remove PBMCs from the

plates by rinsing wells four times with wash buffer (see Notes

9 and 10).

. Make working solutions of detection antibodies by mixing

concentrated detection antibodies 1:120 with dilution buffer.

. Add 100 pL of detection antibody working solution into each

well and incubate ELISpot plates overnight at 4°C.

. Wash plates three times with the wash bufter.

. Prepare working solution of Streptavidin—Alkaline Phos-

phatase by mixing the concentrated stock solution 1:120
with corresponding dilution buffer.

. Add 100 pL of Streptavidin—Alkaline Phosphatase working

solution into each well and incubate for 2 h at room
temperature.

. Wash plates three times with wash buffer.
10.

Add 100 pL of ready-to-use BCIP/NBT substrate into each
well and incubate for 30-60 min at room temperature in a
place protected from direct light.

Wash plates three times with distilled water and let them dry
completely (see Note 11).

Quantify spots using automated ELISpot reader.

4. Notes

. Sterilize RPMI complete culture medium and reagents that

will be used to separate out the white blood cells through
0.2 um sterile filter to allow their long-term storage.

. When using fetal calf serum, it is important to heat inactivate

the serum at 56°C for 30 min. After the heat inactivation, the
serum should be filtered.

. When layering ficoll, make sure that the blood does not mix

with the ficoll to gain the best separation and the highest
yield of PBMCs.

. Overfilling hemacytometer with cell solution may result in

inaccurate cell quantification. While counting cells on a hema-
cytometer, first find the middle square which contains 25
smaller squares and count cells in five of them. Calculate the
average 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. The resulting number should be
used for calculating serial dilutions of PBMCs.
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5.

10.

11.

Making serial dilutions of cells prevents overdevelopment of
ELISpot plate and allows to develop a quantifiable number of
spots that can be counted either manually or using automated
ELISpot plate readers.

. For better well-to-well reproducibility cells need to be mixed

thoroughly before adding them into the wells. This may
require shaking the tube with cells after filling every four wells
in ELISpot plate.

. Plates can be wrapped in aluminum foil to provide even heat

distribution across the bottom of the ELISpot plates during
their incubation. This helps to improve well-to-well spot con-
sistency across the plate (described by Kalyuzhny and Stark
[19] and in kit’s insert). Aluminum foil also helps to reduce
background staining. This is a very simple procedure which
can be done as follows: before plating cells, ELISpot plate is
placed onto 13 x 16 cm piece of aluminum foil (e.g., Reynolds
Wrap Quality Aluminum Foil, Consumer Products Division
of Reynolds Metal, Richmond, VA); after that cells are added
into the wells and plate is covered with the lid, and edges of
the foil are shaped loosely around the edges of the plate to
wrap it. After finishing the incubation of the cells, the foil can
be removed and either discarded or saved and used on the
next ELISpot plate.

. Shelves in the CO, incubator must be leveled to avoid moving

cells toward one side of the well: this may produce under and
overdeveloped parts of the well and hinder quantification of
spots. It is also important to avoid disturbing cultured cells (e.g.,
by slamming the door of the incubator) during the incubation
which may cause the development of weakly stained fuzzy spots.

. Make sure that the height of prongs in the hand held plate

washer is properly adjusted so prongs do not touch the mem-
branes on the bottom of the ELISpot plate: PVDF membranes
are fragile and are easily punctured by protruding prongs.

Between washes it is important to tap out the excess liquid in
the well onto a paper towel to prevent diluting the sequential
reagents added into the plate.

Plates must be dried completely before analysis because wet
membranes appear dark and obscure the detection and quan-
tification of spots.
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Chapter 16

Cytokinesis-Block Micronucleus Cytome Assay
in Lymphocytes

Philip Thomas and Michael Fenech

Abstract

The cytokinesis-block micronucleus cytome (CBMN cyt) assay is a new and comprehensive technique for
measuring DNA damage, cytostasis, and cytotoxicity in different tissue types, including lymphocytes. DNA
damage events are scored specifically in once-divided binucleated cells. These events include; (a) micro-
nuclei (MNI), a biomarker of chromosome breakage and/or whole chromosome loss; (b) nucleoplasmic
bridges (NPBs), a biomarker of DNA misrepair and/or telomere end-fusions; and (c¢) nuclear buds
(NBUDs), a biomarker of elimination of amplified DNA and/or DNA repair complexes. Cytostatic effects
are measured via the proportion of mono-, bi-, and multinucleated cells and cytotoxicity via necrotic and/
or apoptotic cell ratios. The assay has been applied to the biomonitoring of i vive exposure to genotoxins,
in vitro genotoxicity testing and in diverse research fields, such as nutrigenomics and pharmacogenomics.
It has also been shown to be important as a predictor of normal tissue and tumor radiation sensitivity and
cancer risk. This protocol also describes the current established methods for culturing lymphocytes, slide
preparation, cellular and nuclear staining, scoring criteria, data recording, and analyses.

Key words: Micronucleus, Lymphocyte, Cytome, Nucleoplasmic bridge, Nuclear bud, DNA damage,
Cytotoxicity

1. Introduction

Micronuclei (MNi) originate from chromosome fragments or
whole chromosomes that lag behind at anaphase during nuclear
division (1-3). The cytokinesis-block micronucleus assay is the
preferred method for measuring MNi in cultured human and/or
mammalian cells because scoring is specifically restricted to once-
divided binucleate cells, which are the cells that express MNi
(3, 4). In this assay, once-divided cells are recognized by their
binucleate appearance after blocking cytokinesis with cytochalasin-B,
an inhibitor of microfilament ring assembly required for the com-
pletion of cytokinesis (3-5). Restricting microscopic analysis of

Vladimir V. Didenko (ed.), DNA Damage Detection In Situ, Ex Vivo, and In Vivo: Methods and Protocols,
Methods in Molecular Biology, vol. 682, DOI 10.1007/978-1-60327-409-8_16, © Springer Science+Business Media, LLC 2011
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MNIi in binucleate cells prevents confounding effects caused by
suboptimal or altered cell division kinetics. This is a major vari-
able in micronucleus assay protocols that do not distinguish
between nondividing cells that cannot express MNi and dividing
cells that can (6, 7). As a result of its reliability and reproducibil-
ity, the cytokinesis-block micronucleus assay has become one of
the standard cytogenetic tests for genetic toxicology testing in
human and mammalian cells.

Over the past 17 years, the cytokinesis-block micronucleus
assay has evolved into a comprehensive method for measuring
chromosome breakage, DNA misrepair, chromosome loss, non-
disjunction, necrosis, apoptosis, and cytostasis (3, 8—14) This
method is now also used to measure nucleoplasmic bridges
(NPBs), a biomarker of dicentric chromosomes resulting from
telomere end-fusions and/or DNA misrepair, and to measure
nuclear buds (NBUDs), a biomarker of gene amplification (15-18).
The “cytome” concept implies that every cell in the system studied
is scored cytologically for its viability status (necrosis, apoptosis),
its mitotic status (mono-, bi-, and multinucleated) and its chro-
mosomal damage or instability status. For these reasons, it is now
appropriate to refer to this technique as the cytokinesis block
micronucleus cytome (CBMN Cyt) assay (Fig. 1).
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Fig. 1. The various possible fates of cultured cytokinesis-blocked cells following expo-
sure to cytotoxic/genotoxic agents. Using these biomarkers within the CBMN assay, it is
possible to measure the frequency of chromosome breakage (MNi), chromosome loss
(MNi), chromosome rearrangement, e.g., dicentric chromosomes (NPB), gene amplifica-
tion (nuclear buds), necrosis, and apoptosis. In addition, cytostatic effects are readily
estimated from the ratio of MONO, BN, and MULT cells. Chromosome loss can be distin-
guished from chromosome breakage using pancentromeric probes or kinetochore anti-
bodies. In addition, nondisjunction (malsegregation of chromosomes) can also be
measured in BN cells using chromosome-specific centromeric probes.
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2. Materials

2.1. Reagents

11.
12.
13.

14.

. Ficoll-Paque, sterile. Cauntion: This product is very stable if

bottle remains unopened; however, it can deteriorate if
exposed to air for long periods of time. For best results,
always date the bottles, use 100 mL bottles and remove
from the bottle slowly using a needle and syringe without
breaking the seal. Store at 4°C. Use at room temperature
(20-22°C).

. Hank’s balanced salt solution (HBSS), sterile, with calcium

and magnesium, without phenol red. Store at 4°C and use at
room temperature.

. RPMI 1640 medium, without I-glutamine, sterile liquid.

Store at 4°C. Use at 37°C when preparing cultures.

. Fetal bovine serum (FBS), heat-inactivated, sterile. Store fro-

zen at —20°C. Thaw in a 37°C water bath before adding to
the culture medium. Once thawed, FBS will remain stable at
4°C for 3—4 weeks. Caution: Avoid repeated refreezing and
thawing of the FBS.

. I-Glutamine solution, 200 mM sterile solution, cell-culture

tested. Store frozen at —-20°C in 1.1 mL aliquots. Thaw at
room temperature before adding to the culture medium.

. Sodium pyruvate solution, sodium pyruvate 100 mM, sterile

solution. Store frozen at -20°C in 1.1 mL aliquots. Thaw at
room temperature before adding to the culture medium.

. Cytochalasin B (Cyt-B). Caution: This material is toxic and a

possible teratogen. It must always be purchased in sealed
vials. The preparation of this reagent must be carried outin a
cytoguard cabinet and the following personal protection must
be used: Tyvek gown, P2 dust mask, double nitrile gloves,
and safety glasses.

. Dimethyl sulphoxide (DMSO).
. Phytohemagglutinin (PHA).
10.

Isoton II used as a cellular diluent (Coulter Electronics,
#8546719).

Zapoglobin (Coulter Electronics, #9366013).
DePex (or DPX) mounting medium.

Dift-Quik staining set. Consists of fixative, solution 1 (orange)
and solution 2 (blue) stains can be reused and can last several
months depending on usage. Diff-Quik is a modified Wright—
Giemsa stain.

Methanol for fixing cells. This fixative can be used in place of
the Diff-Quik fixative once it runs out.
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2.2. Reagent Setup

2.2.1. Culture Medium

15.

16.

17.

18.

19.

20.

21.
22.

23.
24.
25.

26.
27.
28.
29.

30.

31.
32.
33.

0.85% (w/v) isotonic saline, sterile, for the preparation of
PHA solution: add 4.25 g sodium chloride to 500 mL Milli-Q
water, autoclave at 121°C for 30 min, and then store at 4°C.

Sterile vacutainer blood tubes with lithium heparin as antico-
agulant (e.g., Greiner vacuette tubes 9 mL).

Biological safety cabinet (e.g., Gelman Sciences Class II BH
Series).

Cell counter (e.g., Coulter Electronics model ZB1). A hemo-
cytometer can be used instead if an electronic cell counter is
not available.

Cytocentrifuge (e.g., Shandon Cytocentrifuge from Thermo
Electron Corporation, http: //www.thermo.com).
Microscope slides, frosted end, 76 x26 mm (3x1”), 1 mm
thick, wiped with alcohol and allowed to dry before use.
Filter cards — Shandon 3 x 17, thick, white, boxes of 200.
Cytocentrifuge cups —supplied with instrument from Thermo
Electron Corporation. Must be clean and completely dry
before assembly.

Coverslips, no. 1, 22 x50 mm.

Tissues or Whatman no. 1 filter paper, 24 cm diameter.
Microscope with excellent optics for bright-field and fluores-
cence examination of stained slides at x1,000 magnification
(e.g., Leica DMLB, Nikon Eclipse 600).

Zapoglobin.

70 mL polystyrene gamma sterile containers.

10 mL graduated sterile pipettes.

Preferred tube for Ficoll separation — dependent on the blood
volume: 50 mL polystyrene, sterile, conical, 15 mL polypro-
pylene, sterile, conical, 10 mL polystyrene, yellow capped,
sterile, V-bottom.

Preferred tube for culturing cells is dependent on the final
culture volume. Use 6 mL polystyrene, vented cap, gamma-
sterilized, round bottom culture tube, for 750 pL isolated
lymphocyte culture.

Single-use 0.22 mm filter units, syringe-driven.
0.22 mm hydrophobic filter.

1% (w/v) hypochlorite solution for disinfecting cytocentrifuge
cups. Change weekly.

Prepare by adding 90 mL of RPMI 1640 medium with 10 mL of
10% FBS, 1 mL of 200 mM I-glutamine, and 1 mL of 100 mM
sodium pyruvate solution. Prepare the culture medium in sterile
tissue culture grade glass or plastic bottles. Smaller volumes of
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culture medium may be prepared depending on the number of
cultures required. Culture medium can be stored for 1 week at
4°C before use. It is not usually necessary to sterile filter the pre-
pared culture medium if rigorous aseptic technique is followed;
however, to be absolutely certain, medium may be sterile-filtered
using a 0.22 mm filter.

Dissolve 5 mg solid in 8.33 mL DMSO to give a Cyt-B solution
concentration of 600 nug/mkL as follows:

1. Remove the Cyt-B vial from -20°C and allow to reach room
temperature. Do not remove the seal.

2. Sterilize the top of the rubber seal with ethanol and allow the
ethanol to evaporate.

3. Pipette 8.3 mL of DMSO into a 50 mL sterile Falcon tube.

4. Vent the vial seal with a 25 G needle and a 0.22 pum hydro-
phobic filter to break the vacuum.

5. Using a 5 mL sterile syringe and another needle, inject 4 mL
of the 8.3 mL DMSO through the seal.

6. Mix contents gently. Cyt-B should dissolve readily in DMSO.
Leave syringe and needle in place.

7. Remove the 4 mL from the vial into the syringe and eject into
a labeled sterile TV10 tube.

8. Aspirate the remaining 4.3 mL of DMSO into the syringe
and inject into the vial as before.

9. Remove this final volume from the vial and eject into the
TV10 tube.

10. Mix and dispense 100 pL aliquots into sterile 5 mL polystyrene

yellow capped tubes labeled Cyt B with the date.

11. Store at —-20°C for up to 12 months. The vials of powder are
guaranteed by Sigma for 2 years if stored at —-20°C.

The preparation of this reagent has been modified slightly from
the instructions in the product insert to suit this protocol. 45 mg
solid is dissolved in 20 mL sterile isotonic saline to make a solution
of 2.25 mg/mL as follows:

1. Remove the PHA vial from the refrigerator and allow to reach
room temperature. Do not remove the seal.

2. Sterilize the top of the rubber seal with ethanol and allow the
ethanol to evaporate.

3. Pipette 20 mL of sterile isotonic saline into a 50 mL sterile
Falcon tube.

4. Vent the PHA vial seal with a 25 G needle and a 0.22 um
hydrophobic filter to break the vacuum.
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10.

11.

. Using a 10 mL sterile syringe and another needle, inject 5 mL

of the 20 mL isotonic saline into the vial and dissolve the

solid.

. Remove the 5 mL solution from the vial into the syringe and

eject into another sterile 50 mL Falcon tube that is appropri-
ately labeled.

. Add another 5 mL of isotonic saline to the vial, using the

syringe and mix gently.

. Remove this volume from the vial and eject into the labeled

Falcon tube.

. Add the remaining 10 mL of isotonic saline to the labeled

Falcon tube.

Dispense 500 uL aliquots into sterile, labeled 1.2 mL vials
(cryovial type).

Store at 4°C for up to 6 months. The 500 uL aliquots are
single-use only. Discard any remaining solution in vial. Discard
any vial with signs of bacterial contamination. Slight turbidity
may occur but this does not affect the activity of PHA.

3. Methods

3.1. Isolation

and Counting of
Lymphocytes (Timing
Approximately 3 h)

. Collect fresh blood by venipuncture into vacutainer blood

tubes with lithium heparin anticoagulant. Keep blood tubes
at room temperature (see Note 1). The volume taken is
dependent on the number of cells needed. Usually, one can
expect to collect up to 1x10° lymphocytes per 1 mL blood.
The isolated cells are mainly lymphocytes, but may contain
some monocytes. It is not practical or essential to determine
the proportion of monocytes as they represent a minor fraction
of the isolated cell population.

Caution: All procedures until slide preparation must be car-
ried out aseptically in a class I Biological Safety Cabinet.

. Dilute whole blood 1:1 with room temperature HBSS and

gently invert to mix.

. Gently overlay diluted blood onto Ficoll-Paque using a ratio

of 1:3 (e.g., 2 mL Ficoll-Paque: 6 mL diluted blood) being
very careful not to disturb the interface.

. Weigh and balance the centrifuge buckets before spinning the

tubes at 400 x g for 30 min at room temperature.

. Remove the lymphocyte layer located at the interface of

Ficoll-Paque and diluted plasma into a fresh tube, using a
sterile, plugged, Pasteur pipette, taking care not to remove
too much Ficoll-Paque.



3.2, Culture of
Lymphocytes, Addition
of Cytochalasin-B,
and Harvesting of
cells (Timing 72 h)
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6.

11.

12.

13.

Dilute the lymphocyte suspension with 3x its volume of
HBSS at room temperature, mix gently, and then centrifuge
at 180 x4 for 10 min.

. Discard the supernatant and resuspend the cell pellet (slightly

beige color) in 2x the volume removed of HBSS, using a
Pasteur pipette, and then centrifuge at 100 x4 for 10 min at
room temperature.

. Discard the supernatant and gently resuspend the cells in 1 mL

culture medium at room temperature, using a Pasteur pipette.

. Count the cells using the Coulter Counter.
10.

Set instrument settings for counting human lymphocytes
(e.g., Coulter Counter Model ZB1; threshold: 8, attenua-
tion: 1, aperture: 1/4, manometer: 0.5 mL).

Dilute 15 pL of cell suspension into 15 mL Isoton IT and add
five drops of zapoglobin to lyse any residual red blood cells.

Perform the count in triplicate to determine the mean. If the
cell count is >15,000, count 7.5 uL cells instead, and then
multiply by 2. Multiply the value by 2,000 (dilution factor of
1,000 and counting volume of 0.5 mL) to give the number of
cells per mL.

To set the cells up at 1 x 10°/mL in 750 pL culture medium,
divide 750 (uL) by the number of cells per mL and multiply
by 1. This gives the volume of cells to use in “pL.” Make this
volume up to 750 pL. with medium.

Example: mean cell count=12,586

12,586 %x2,000=25.2 x 10¢ cells per mL

750 uL/25.2(x10°)x 1(x10%)=29.8 uL

29.8 uL cell suspension + 720.2 pl. medium = cell suspension
at 1x10°/mL in 750 pL.

Pause point: Cells may be left in medium at this point at room
temperature in the dark for 1-2 h with the tubes sealed.

. Using the above calculation (step 13), resuspend the cells at

1x10%/mL into the culture medium. Add the calculated vol-
ume of medium into labeled 6 mL round-bottomed culture
tubes, and then add the cells into the medium to make up a
final volume of 750 pL. Set up duplicate cultures per subject
and/or treatment studied.

. Stimulate mitotic division of lymphocytes by adding PHA.

Add 10 pL of the PHA solution to the 750 puL culture to give
a final concentration of 30 pg/mL. Discard the remaining
PHA after use (see Note 2).

. Incubate the cells at 37°C with lids loose in a humidified

atmosphere containing 5% CO, for exactly 44 h.
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3.3. Harvesting 1.

of Gells Using
Cytocentrifugation

(Timing Approximately 2
30 min)

Critical step: Cyt-B must be added exactly 44 h after PHA
stimulation (see Note 3).

. Thaw out stock vial containing 100 uL solution of Cyt-B in

DMSO at 600 ug/mL. Caution: Carry out all manipulations
of the Cyt-B solutions in a fume hood with the base glass
window down to chest level and use the following personal
protection: Tyvek gown, double nitrile gloves and safety
glasses. These precautions are necessary for protection against
biohazardous and cytotoxic aerosols.

. Aseptically add 900 pL of culture medium equilibrated to

room temperature to the vial to obtain a 1,000 pL solution of
60 pug/mL Cyt-B.

. Remove 56 pL of medium from the top of the 750 pL culture

and replace with 56 pL of the 60 pg/mL Cyt-B solution to
give a final Cyt-B concentration of 4.5 pug/mlL.

. Return cultures to the incubator and incubate the cultures for

a further 28 h. Discard the remaining Cyt-B solution.

. At 24-28 h after the addition of Cyt-B, harvest cells for slide

preparation and scoring according to the procedure given
below. The chosen harvest time should maximize the propor-
tion of binucleate cells and minimize the frequency of mono-
and multinucleated (three or more nuclei) cells.

Follow the manufacturer’s instructions for assembly of the
slides, filter-cards and cytocentrifuge cups within the cytocen-
trifuge rotor. Cytocentrifugation is performed at 18-20°C.

. Prepare a concentration of cells that is sufficient to produce a

monolayer of cells on each spot. It may be necessary to spin
down a culture gently and take off'a proportion of the super-
natant to obtain an optimal concentration of cells on the slide
following cytocentrifugation. In the case of lymphocyte cul-
tures in round-bottomed tubes, it is only necessary to take off
the supernatant (approximately 300 pL from a 1 mL culture),
as the cells tend to settle in the incubator.

Cauntion: Loading and cytocentrifugation of cell culture sample
(steps 2—7) must be carried out in a fume hood or preferably
in an approved cytoguard cabinet. Appropriate safety protec-
tion including gloves must be worn.

. Resuspend the cells well using a Pasteur or Gilson pipette to

disaggregate the cells. It is best to suspend all the cultures to
be harvested first, and then return to each one to resuspend
just before loading into the sample cup.

. Working quickly, add 100-200 pL of cell suspension to the

well of each sample cup. The typical volume for cytokinesis
blocked lymphocyte cultures is 120 pL. The required volume



3.4. Drying, Fixing

and Staining of Cells,
and Slide Preparation
(Timing Approximately
30 min)
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may need slight adjustment depending on the concentration
of cells in the culture and the optimal cell density for slide
scoring, which is determined by trial and error.

. Replace rotor lid until locked and spin down in cytocentrifuge

at 52 x g for 5 min.

. Press start: The cytocentrifuge will run the program, stop and

slow automatically.

. Upon completion of spinning return the rotor to the fume

hood and follow the manufacturer’s procedure for opening
each slide holder.

. Dismantle each slide holder, taking care not to smear the

spots. Discard the filter cards into the biohazard bin. Place
the sample cups in 1% hypochlorite solution to soak for at
least 10 min before rinsing carefully six times in pure water
and drying. Do not use direct heat to dry the cups.

Caution: Appropriate protection, including nitrile gloves,
must be worn while staining samples.

. Place the slides horizontally on a slide tray and allow the cells

to air-dry for exactly 10 min at room temperature. Critical:
Do not air-dry slides for longer than 10 min, otherwise
cellular and nuclear morphology is altered making it difficult
to score the slides.

. Place slides vertically in a dry staining rack and place in meth-

anol or Diff-Quik fixative for 10-15 min. The methanol can
be reused.

. Transfer the rack without delay to Diftf-Quik solution 1

(orange) and stain for 6 s while moving the rack back and
forth. Increase staining time if required.

. Transfer the rack without delay to Diff-Quik solution 2 (blue)

and stain for another 6 s while moving the rack back and
forth. Again, staining time can be increased if required.

Critical step: Staining time is determined by trial and error
depending on how fresh the stains are. The aim is to obtain
optimal contrast between nuclear and cytoplasmic staining so
that various biomarkers in the CBMN Cyt assay are easily and
unequivocally scored.

. Keeping the slides in the rack, wash the slides very briefly and

gently with tap water and rinse with pure water, making sure
that the slides are not destained by residual water droplets on
cells (see Note 5).

. Immediately place the slides face down on paper tissues (or

better, Whatman no. 1 filter paper) to blot away any residual
moisture. Do not place any pressure or rub on the cell spots.
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3.5. Coverslipping
and Storage

3.6. Scoring Criteria

3.6.1. Criteria for Scoring
Viable Mono-, Bi-, and
Multinucleated Cells

(Fig. 2a—c)

8. Place the slides on a slide tray and allow to dry for about
10-15 min.

9. Examine the cells at x100 and x400 magnification to assess
the efficiency of staining and the density of the cells, remem-
bering that for the CBMN Cyt assay, it is necessary to have at
least 1,000 binucleate cells to score. Restaining can be carried
out at this stage if the staining is too light by repeating steps
2-8. If the cell density is too heavy or light, concentrate
or dilute the cells as necessary and repeat the spinning and
staining steps.

10. If the slides are satisfactory, seal the tubes or flasks containing
the cultures and discard into a biohazard bin.

11. Leave the slides to dry completely for at least 30 min before
putting coverslips on. Pause point: Slides can be left overnight
at room temperature to dry.

1. Place the slides to be coverslipped on tissue paper and set out
one coverslip alongside each. Caution: Carry out coverslip-
ping in a fume hood to avoid inhalation of organic solvent in
DePex and leave slides until completely dry.

2. Put two large drops of DePex (use a plastic dropper) on each
of the coverslips in the approximate area where the spots
correspond.

Caution: Wear nitrile gloves when applying DePex medium.

3. Invert the slide over the coverslip and allow the DePex to
spread by capillary action. Slide the coverslip gently to and fro
to expel any excess DePex and air bubbles. Ensure that the
spots do not have air bubbles over them.

4. Wipe excess DePex from the edges of the slide and ensure
that the medium or glass does not cover any of the frosted
label area, as a coding label will not stick on these.

5. Place the slides on a tray and leave overnight in the fume
hood to dry.

6. Store slides in slide boxes at room temperature and code with
a sticky label over the frosted area before scoring.

Frequency of viable mono-, bi-, and multinucleated cells is mea-
sured to determine cytostatic effects and the rate of mitotic division,
which can be calculated using the nuclear division index. These
cell types have the following characteristics:

1. Mono-, bi-, and multinucleated cells are viable cells with an
intact cytoplasm and normal nucleus morphology containing
one, two, and three or more nuclei, respectively.

2. They may or may not contain one or more MNi or NBUDs,
and in the case of bi- and multinucleated cells they may or may
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of cell types scored
in the CBMN-Cyt
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Fig. 2. Photomicrographs of the cells scored in the CBMN “cytome” assay. (a) Mononu-
cleated cell; (b) binucleated cell; (c) multinucleated cell; (d) apoptotic cell; () necrotic
cell; (f) BN cell containing MNi; (g) BN containing a NPB (and a MN); and (h) BN cell
containing NBUDs. The ratios of mononucleated, BN, multinucleated, necrotic and apop-
totic cells are used to determine mitotic division rate or NDI (a measure of cytostasis)
and cell death (cytotoxicity). The frequency of BN cells with MNi, NPBs, or NBUDs pro-
vides a measure of genome damage and/or chromosomal instability. For a wider selec-
tion of photomicrographs of different types of cells and biomarkers scored in the CBMN
Cyt assay, refer to Fenech et al. (19).

not contain one or more NPBs. Necrotic and apoptotic cells
should not be included among the viable cells scored. On rare
occasions, multinucleated cells with more than four nuclei
are observed if cell-cycle time is much shorter than normal or
the cytokinesis blocking time is too long.

3.6.2. Criteria for Scoring Apoptotic lymphocytes are cells undergoing programmed cell
Apoptotic Cells (Fig. 2a) death. They have the following characteristics:

1. Early apoptotic cells can be identified by the presence of chro-
matin condensation within the nucleus and intact cytoplasmic
and nuclear membranes.

2. Late apoptotic cells exhibit nuclear fragmentation into
smaller nuclear bodies within an intact cytoplasm/cytoplasmic
membrane.
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3.6.3. Criteria for Scoring
Necrotic Cells (Fig. 2e)

3.6.4. Criteria for Selecting
Binucleate Cells Suitable
for Scoring MNi, NPBs,
and NBUDs

3.

Staining intensity of the nucleus, nuclear fragments, and
cytoplasm in both kinds of apoptotic cell is usually greater
than that of viable cells.

Necrosis is an alternative form of cell death that is thought to be
caused by damage to cellular membranes, organelles, and/or
critical metabolic pathways required for cell survival, such as
energy metabolism. Necrotic lymphocytes have the following
characteristics:

1.

Early necrotic cells can be identified by their pale cytoplasm,
the presence of numerous vacuoles (mainly in the cytoplasm
and sometimes in the nucleus), damaged cytoplasmic mem-
brane and a fairly intact nucleus.

. Late necrotic cells exhibit the loss of cytoplasm and dam-

aged/irregular nuclear membrane with only a partially intact
nuclear structure and often with nuclear material leaking from
the nuclear boundary.

. Staining intensity of the nucleus and cytoplasm in both types

of necrotic cell is usually less than that observed in viable
cells.

The cytokinesis-blocked binucleate cells that may be scored for
MNIi, NPB, and NBUD frequency should have the following
characteristics:

1.
2.

The cells should be binucleated.

The two nuclei in a binucleated cell should have intact nuclear
membranes and be situated within the same cytoplasmic
boundary.

. The two nuclei in a binucleated cell should be approximately

equal in size, staining pattern, and staining intensity.

. The two nuclei within a binucleated cell may be attached by a

nucleoplasmic bridge, which is no wider than 1/4th of the
nuclear diameter.

. The two main nuclei in a binucleated cell may touch but ideally

should not overlap each other. A cell with two overlapping
nuclei can be scored only if the nuclear boundaries of each
nucleus are distinguishable.

. The cytoplasmic boundary or membrane of a binucleated cell

should be intact and clearly distinguishable from the cytoplasmic
boundary of adjacent cells.

The cell types that should not be scored for the frequency of MNi,
NPBs, and NBUDs frequency include mono- and multinucleated
(with three or more nuclei) cells and cells that are necrotic or
apoptotic.



3.6.5. Criteria for Scoring
Micronuclei (Fig. 2f)

3.6.6. Criteria for Scoring
Nucleoplasmic Bridges
(Fig. 29)

3.6.7. Criteria for Scoring
Nuclear Buds (Fig. 2h)
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MNIi are morphologically identical but smaller than nuclei. They
also have the following characteristics:

1. The diameter of MNi in human lymphocytes usually varies
between 1 /16th and 1/3rd of the mean diameter of the main
nuclei, which corresponds to 1,/256th and 1,/9th of the area
of one of the main nuclei in a binucleate cell, respectively.

2. MNIi are non-repaetile, and they can therefore be readily dis-
tinguished from artifacts, such as staining particles.

3. MNi are not linked or connected to the main nuclei.

4. MNi may touch but not overlap the main nuclei and the
micronuclear boundary should be distinguishable from the
nuclear boundary.

5. MNi usually have the same staining intensity as the main
nuclei, but occasionally staining may be more intense.

A NPB is a continuous DNA-containing structure linking the
nuclei in a binucleated cell. NPBs originate from dicentric chro-
mosomes (resulting from misrepaired DNA breaks or telomere
end fusions) in which the centromeres are pulled to opposite
poles during anaphase. They have the following characteristics:

1. The width of an NPB may vary considerably, but usually does
not exceed 1/4th of the diameter of the nuclei within the cell.

2. NPBs should also have the same staining characteristics as the
main nuclei.

3. On rare occasions, more than one NPB may be observed
within one binucleated cell.

4. A binucleated cell with a NPB may contain one or more MNI.

5. Binucleate cells with one or more NPBs and no MNi may also
be observed.

It may be more difficult to score NPBs in binucleated cells with
touching nuclei, and it is therefore reasonable to specify whether
NPBs were scored in all binucleate cells regardless of the proxim-
ity of nuclei within a binucleate cell or whether they were scored
separately in those binucleated cells in which nuclei were clearly
separated and those binucleated cells with touching nuclei. There
is not enough evidence yet to recommend scoring NPB only in
binucleate cells in which nuclei do not touch.

A NBUD represents the mechanism by which a nucleus elimi-
nates amplified DNA and DNA repair complexes. NBUDs have
the following characteristics:

1. NBUDs are similar to MNi in appearance with the exception
that they are connected with the nucleus via a bridge that can
be slightly narrower than the diameter of the bud or by a much
thinner bridge depending on the stage of the extrusion process.
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3.6.8. Slide Scoring for
Cytostatic and Cytotoxic
Outcomes

2. NBUDs usually have the same staining intensity as MNi.

3. Occasionally, NBUDs may appear to be located within a vacuole
adjacent to the nucleus.

If it is difficult to determine whether the observed nuclear anom-
aly is a micronucleus touching the nucleus or a nuclear bud, it is
acceptable to classify it as the latter.

A small protrusion of nuclear material from the nucleus without
an obvious constriction between the nucleus and the protruding
nuclear material should not be classified as a nuclear bud. This
type of event is called a nuclear bleb. The significance of this type
of event is unknown.

For a more comprehensive photographic gallery of the various
cell types (see Note 6).

Slides should be coded before scoring by a person not involved in
the experiment so that the person who scores the slides is not
aware of the treatment conditions, individual or groups to which
the cells on the slides belong. Slides are best examined at x1000
magnifications using a good-quality bright-field or fluorescence
microscope (e.g., Leica DMLB, Nikon Eclipse E 600). A score
should be obtained for slides from each duplicate culture ideally
from two different scorers using identical microscopes. The num-
ber of cells scored should be determined depending on the level
of change (effect size) in the micronucleus index that the experi-
ment is intended to detect and the expected standard deviation of
the estimate. The optimal way to score slides in the CBMN cyt
assay is to first determine the frequency of mono-, bi-, and multi-
nucleated viable cells as well as the necrotic and apoptotic cells in
a minimum of 500 cells; then the frequency of DNA damage
biomarkers (MNi, NPBs and NBUDs) are scored in a minimum of
1,000 binucleated cells. For each slide, the following information
should therefore be obtained:

1. The number of viable mono-, bi-, and multinucleated (with
three or more nuclei) cells per 500 cells scored (from this
information the nuclear division index can be derived; see
Subheading 3.6.10.

. The number of apoptotic cells per 500 cells.
. The number of necrotic cells per 500 cells.

. The number of MNIi in at least 1,000 binucleate cells.

[SANN" ~NEIS B 8]

. The frequency of binucleated cells containing MNi in at least
1,000 binucleate cells.

6. The frequency of binucleated cells containing NPBs in at least
1,000 binucleate cells.

7. The frequency of binucleated cells containing NBUDs in at
least 1,000 binucleate cells.



3.6.9. Number
of Binucleate Cells
that Should Be Scored

3.6.10. Calculation
of Nuclear Division Index
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The distribution of binucleated cells with zero, one or more MNi
may be useful to record if abnormal distribution of MNi among
cells may be expected owing to partial body radiation in the case
of ionizing radiation exposure or if it is expected that the agent
being tested might induce multiple MNi in affected cells (e.g.,
spindle poisons such as colcemid). Because most binucleate cells
with more than one NPB or more than one NBUD are rare, it is
usually not necessary to record the distribution of NPBs and
NBUDs among binucleate cells.

The frequency of MNi and NBUDs in nondivided mononu-
clear cells can also be scored if the level of preexisting DNA dam-
age needs to be measured. However, this approach cannot be
used instead of the CBMN Cyt assay because (a) it does not
account for DNA damage accumulated in the bulk of lympho-
cytes #n vivo while circulating in the quiescent phase, (b) it cannot
be used to measure NPBs, and (c¢) does not give the same results
as scoring MN and NBUDS in binucleated cells (19, 20).

One of the most common questions is the number of binucleated
cells to be scored in the CBMN Cyt assay. The accepted protocol
is to score a minimum of 1,000 binucleate cells per treatment or
time point although reports vary between 500 and 2,000 binu-
cleate cells. An alternative approach is to keep on scoring binucle-
ate cells until a fixed number of MNi are observed (e.g., 45 MNi).
The latter has the advantage that more binucleate cells are scored
when fewer MNi are induced, thus maintaining similar statistical
power across different treatments. The main disadvantage is that
more than 2,000 cells may have to be scored in cultures with low
micronucleus frequency. In our experience, scoring 1,000 binucleate
cells from each of the duplicate cultures (total 2,000 binucleate
cells) always yields robust results.

The nuclear division index (NDI) provides a measure of the pro-
liferative status of the viable cell fraction. It is therefore an indica-
tor of cytostatic effects and, in the case of lymphocytes, it is also a
measure of mitogenic response, which is useful as a biomarker of
immune function (21).

NDI is calculated according to the method of Eastmond and
Tucker (22). Score 500 viable cells to determine the frequency of
cells with 1, 2, 3, or 4 nuclei, and calculate the NDI using the
formula:

NDI = (M1+2M2 +3M3+4M4)/N,

where M1-M4 represent the number of cells with 1-4 nuclei, and
N is the total number of viable cells scored (excluding necrotic
and apoptotic cells). The NDI is a useful parameter for comparing
the mitogenic response of lymphocytes and cytostatic effects of
agents examined in the assay.
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The lowest NDI value possible is 1.0, which occurs if all of

the viable cells have failed to divide during the cytokinesis-block
period and are therefore all mononucleated. If all viable cells
completed one nuclear division and are therefore all binucleated,
the NDI value is 2.0. An NDI value can only be greater than 2.0
it a substantial proportion of viable cells have completed more
than one nuclear division during the cytokinesis-block phase and
therefore contain more than two nuclei. For example, if 50% of
viable cells are binucleated, 10% trinucleated, and 10% quadrinu-
cleated, the NDI value is 2.2.

4. Notes

1.

The published evidence available suggests that the storage of
blood between 5 and 22°C for up to 24 h has no significant
impact on baseline or radiation-induced micronucleus fre-
quency (23). However, these observations need to be further
verified and replicated. It is possible to perform the CBMN
Cyt assay using cryopreserved lymphocytes, but there are
conflicting reports on whether cryopreservation alters the
frequency rate of MNIi in binucleate cells (24, 25), which
means that it is essential to optimize and verify that the freezing
and thawing protocol used does not induce DNA damage.

. The optimal PHA concentration for maximizing the propor-

tion of binucleate cells should be verified for each batch of
PHA using the binucleate frequency ratio and NDI to assess
mitogenesis. The success of mitogen stimulation can be deter-
mined visually 24 h following PHA stimulation. If lympho-
cytes have been successfully stimulated, cultures will appear clumpy
and grainy. Unstimulated cultures will appear cloudy and silty.

. The critical aspect regarding the time of addition of Cyt-B is

to ensure that it is added before the first mitotic cells start
to appear so that all the observed binucleate cells that are
captured are in fact once divided cells only. This is impor-
tant because MNi tend to get lost in subsequent divisions
and the micronucleus frequency in a second division cell is
likely to be less than that in a first division cell after a geno-
toxic insult (9). Cyt-B may take up to 6 h before it starts to
exert its cytokinesis-blocking action (unpublished observa-
tions), which means it should be added at least 6 h before
cells start to enter M phase of the cell cycle. The optimal
time to add Cyt-B with lymphocytes is usually 44 h after
PHA stimulation; however, earlier addition of Cyt-B is
acceptable if the culture conditions used cause an earlier
than expected mitotic wave to occur.
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To capture all once divided cells as binucleate cells, it is also
essential to verify that the Cyt-B concentration is optimal to
maximize the ratio of cytokinesis-blocked cells by doing a
dose response across the concentration range of 2—10 pg/mL
of Cyt-B using a 24 h cytokinesis-blocking time. The dose
response should yield a plateau in response within the optimal
concentration range for cytokinesis-blocking. Choose a con-
centration that is at least a dose point past the inflection point
of the dose response and on the plateau. Experience has
shown that concentrations of 4.5 and 6 ug/mL are optimal
for isolated lymphocyte and whole blood lymphocyte
cultures, respectively. These concentrations are usually also
optimal for mammalian cell lines, but this should be checked
for each cell line.

. Hypotonic treatment for slide preparation is not recommend-

able because it may destroy necrotic cells and apoptotic cells,
making them unavailable for assay. Inclusion of necrosis and
apoptosis is important for the accurate description of mecha-
nism of action and the measurement of cellular sensitivity to
a chemical or radiation. Isolated lymphocyte culture assay or
culture of cell lines does not require hypotonic treatment of
cells for slide preparation, thus making it possible to preserve
the morphology of both necrotic and apoptotic cells.

. In our experience, most of the problems in the CBMN Cyt

assay arise during slide preparation and staining. This is because
the quality of the score depends on the quality of the slide.
Main points to note: (1) avoid cell clumps by gently resuspend-
ing cells before harvest and transfer to slides; (2) maintain a
moderate cell density so that it is relatively easy to identify cyto-
plasmic boundaries; and (3) stain only one slide initially to
ensure that staining is optimal before staining the whole batch.

. For a more comprehensive photographic gallery of the various

cell types and biomarkers scored in the CBMN Cyt assay, refer
to Fenech et al. (26).
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Chapter 17

Buccal Micronucleus Cytome Assay

Philip Thomas and Michael Fenech

Abstract

The Buccal Micronucleus Cytome (BMCyt) assay is a new minimally invasive system for studying DNA
damage, chromosomal instability, cell death, and the regenerative potential of buccal mucosal tissue. This
method is increasingly being used in molecular epidemiologic studies investigating the impact of nutri-
tion, life-style factors, genotoxin exposure, and genotype on DNA damage and cell death. Biomarkers of
this assay have been associated with increased risk for accelerated aging, cancer, and neurodegenerative
diseases. This protocol describes the current established methods for buccal cell collection, slide preparation,
cellular and nuclear staining, and scoring criteria.

Key words: Micronucleus, Buccal, Cytome, DNA damage, Cytotoxicity

1. Introduction

The regenerative capacity of tissues and organs within the body is
fundamental to healthy aging. In the buccal mucosa, this is depen-
dent on the number and division rate of regenerative cells (basal
cells), their genomic stability, and propensity for cell death. The
buccal mucosa is an easily accessible tissue that can be sampled in
a minimally invasive manner without causing undue stress to par-
ticipants. This method is increasingly being used in molecular
epidemiologic studies investigating the impact of nutrition, life-
style factors, genotoxin exposure, and genotype on DNA damage
and cell death. The buccal mucosa provides a unique opportunity
to study the regenerative capacity of epithelial tissue of ectoder-
mal origin in humans. The assay has been used successtully to
study DNA damage by scoring micronuclei (MNi) and/or using
fluorescent probes to detect aneuploidy, chromosome breaks, and
telomere length (1-5).

Vladimir V. Didenko (ed.), DNA Damage Detection In Situ, Ex Vivo, and In Vivo: Methods and Protocols,
Methods in Molecular Biology, vol. 682, DOI 10.1007/978-1-60327-409-8_17, © Springer Science+Business Media, LLC 2011
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The buccal mucosa is a stratified squamous epithelium con-
sisting of four distinct layers (6, 7). The stratum corneum or kera-
tinized layer lines the oral cavity, comprising cells that are
constantly being lost as a result of everyday activities such as mas-
tication. Below this layer lies the stratum granulosum or granular
cell layer and the stratum spinosum or prickle cell layer containing
populations of both differentiated, apoptotic and necrotic cells.
Beneath these layers are the rete pegs or stratum germinativum,
containing actively dividing basal cells, which produce cells that
differentiate and maintain the profile, structure, and integrity of
the buccal mucosa (Fig. 1a).

Figure 1b illustrates diagrammatically the various cell types,
nuclear anomalies, and possible inter-relationships following cor-
relation analysis between the various cell types observed and scored
in the BMCyt assay (1).

The BMCyt assay is a minimally invasive means of investigating
events that identify changes in potential biomarkers that are reflec-
tive of DNA damage (MNi and/or nuclear buds), cellular prolif-
eration potential (basal and /or binucleated cells), and /or cell death
parameters (condensed chromatin, karyorrhectic, pyknotic, and
karyolytic cells). These changes show distinct differences between
the cytome profile within normal aging relative to that for prema-
ture aging clinical outcomes such as Down syndrome and
Alzheimer’s disease, and highlights the potential diagnostic value
of the cytome approach for determining genome instability events
(1, 2). In light of the fact that over 90% of cancers are epithelial in
origin and that buccal mucosa is the site for oral cancer, buccal cell
utilization has great epidemiologic potential as a means for geno-
toxic and cancer risk assessment (8). The following protocol
describes the current established methods for buccal cell collection,
slide preparation, cellular and nuclear staining, and scoring criteria.

2. Materials

2.1. Buccal Cell
Sampling and
Collection

2.2. Buccal Cell
Harvesting and Slide
Preparation

. Small-headed toothbrushes (2-cm head length).
. Yellow-topped, 30-mL polystyrene containers.
. Graduated, 10-mL sterile pipettes.

S UG I S I

. Milli-Q water (Milli-Q water purification system, Adelab
Scientific, SA).

5. Buccal cell buffer at pH 7.0: 0.01 M Tris-HCI, 0.1 M ethyl-
enediaminetetraacetic acid tetra Na salt, 0.02 M NaCl.

1. Swinex filter holders.
2. Nylon net filters, 100 um.
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Fig. 1. (a) Diagrammatic representation of a cross-section of normal buccal mucosa of healthy individuals illustrating the
different cell layers and possible spatial relationships of the various cell types. (b) Diagrammatic representation and pos-
sible inter-relationships between the various cell types observed in the buccal cytome assay based on the scheme pro-
posed by Tolbert et al. (9). The R values refer to correlation factors for the frequency of the various cell types (1).

3. Cell counter (e.g., Coulter Electronics model ZB1). A hemo-
cytometer can be used instead if an electronic cell counter is
not available.

4. TV 10 polystyrene tubes.
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2.3. Buccal Cell
Staining

NeRC RN BN

11.

12.

13.

14.

15.
16.

17.
18.

. Isoton II used as a cellular diluent (Coulter Electronics,

#8546719).

. Sterile plugged Pasteur pipettes 900 (22-23 cm).
. Syringes 10 mL.

. Needles 18G.

. Counting vials 15 mL.

10.

Cytocentrifuge (e.g., Shandon Cytocentrifuge from Thermo
Electron Corporation, http://www.thermo.com).

Cytocentrifuge cups — supplied with instrument from Thermo

Electron Corporation. Must be clean, rinsed 6 times in distilled
or deionized water, and completely dried before assembly.

Filter cards — Shandon 3x1”, thick, white, boxes of 200
cards.

Microscope slides, frosted end, 76x26 mm (3x1”), 1-mm
thick — wiped with alcohol and allowed to dry before use.

A Coplin jar unit holds 5 single 3x1” (75x25 mm) slides
vertically or 10 slides placed back to back. Screw cap is made
of white linerless polypropylene, which reduces solvent evap-
oration. It has a rectangular base, and is made of “800” soda-

lime glass. Approximate inside dimensions: 70 x 30 x 30 mm
(2.75x1.18x1.18”).

Coverslips, no. 1, 22 x50 mm.

0.01% (w/v) Hypochlorite solution for disinfecting cytocen-
trifuge cups. Change weekly.

Hand homogenizer (Wheaton Scientific, 0.1-0.15 mm gauge).
Dimethyl sulfoxide (DMSO).

. Ethanol /glacial acetic acid. Ethanol is mixed with glacial acetic

acid in a 3:1 ratio. Fixative is to be made fresh each time and
not stored.

Caution: Acetic acid is corrosive, a respiratory irritant, and
can cause serious burns. Fixative should be prepared in a fume
hood or similar extraction cabinet, and the following personal
protection used: Tyvek gown, double nitrile gloves, P2 dust
mask, and safety glasses.

. 50% Ethanol made up with Milli-Q deionized water (18.2 Q

resistivity).

. 20% Ethanol made up with Milli-Q deionized water (18.2 Q

resistivity).

. 5 M HCL

Caution: HCl is corrosive, a respiratory irritant, and can cause
serious burns. The acid should be handled in a fume hood
or similar extraction cabinet, and the following personal
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2.4. Buccal
Cell Scoring

2.5. Buccal
Reagent Setup
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protection used: Tyvek gown, double nitrile gloves, P2 dust
mask, and safety glasses. 5 M concentration should be made
up fresh each time and not stored.

. Schiff’s reagent.

Caution: Schiff’s reagent is a skin, eye, and respiratory
irritant, and should be handled in a fume hood or similar
extraction cabinet, and the following personal protection
should be used: Tyvek gown, double nitrile gloves, P2 dust
mask, and safety glasses.

. 0.2% (w/v) aqueous Light Green (Gurr’s, cat. no. 06477).

. DePex (or DPX) mounting medium.

. Microscope with excellent optics for bright-field and fluores-

cence examination of stained slides at x1,000 magnification
(e.g., Leica DMLB, Nikon Eclipse 600).

. Slide storage boxes.

. Buccal cell buffer: To make 1 L of the buccal buffer: weigh

1.6 g of Tris-HCI, 1.2 g of ethylenediaminetetraacetic acid
tetra sodium salt, and 37.2 g of NaCl and dissolve in 600 mL
of Milli-Q water. Thoroughly dissolve the salts and make up
the volume to 1,000 mL. Adjust pH to 7.0 and autoclave at
121°C for 30 min. The bufter will last for up to 3 months
when stored at room temperature.

. 5 M HCI: In order to determine the concentration of labora-

tory sourced HCI, the molarity is derived from the stated spe-
cific gravity. The specific gravity of BDH HCI used in our
laboratoryis 1.18 g/mlL, which is the equivalent of 1,180 g /L.
The molecular weight of HCl is 36.5. The molarity can there-
fore be determined by dividing the specific gravity by the
molecular weight, resulting in an acidic molarity of 32.3 M
(1,180,/36.5). However, HCI assay specifications detailed on
the accompanying product sheet indicate a 37% acidic solu-
tion. In order to determine the true molarity, we have to adjust
for this percentage value. Our stock acid solution is found to
have a molarity of 12 M by multiplying our initial value of
32.3 M by 0.37 (37%). In order to prepare a 200 mL working
solution of 5 M HCI from our stock solution, the following
calculation is performed: (200 mL (desired volume) x5 M
(desired concentration))/stock solution (12 M).

This results in 83.3 mL of acid being required in our
200 mL working solution. Cantion: Add 83.3 mL of acid
slowly to 116.7 mL of water and not the reverse. This is
important to avoid an exothermic reaction resulting in the
generation of heat and potential splashing. This procedure
should be performed in a well-ventilated fume hood with
appropriate safety precautions.
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. Light Green cytoplasmic stain: 500 mL is prepared by dissolving

1 g of Light Green in 450 mL of Milli-Q water. When dis-
solved, make up to 500 mL and filter through Whatman No.
1 filter paper. Store in dark at room temperature where it
should remain active for 3 years.

3. Methods
3.1. Buccal 1.
Cell Collection
2
3
4
3.2. Buccal 1.
Cell Harvesting
and Slide Preparation

Prior to buccal cell collection, the mouth is rinsed twice
thoroughly with 100 mL of water each time to remove excess

debris.

. Each subject is provided with two 30 mL yellow-topped con-

tainers labeled LC (left cheek) and RC (right cheek), each
containing 10 mL of buccal cell buffer.

. Small-headed toothbrushes are rotated 10 times firmly against

the inside of the cheek wall in a circular motion, starting from
the middle and gradually increasing in circumference to pro-
duce an outward spiral effect. The reason for this motion is to
enhance sampling over a greater area and to avoid continual
erosion in a single population of cells. This is performed on
each side of the cheek using a different brush (for sampling
left and right areas of the mouth). It is important to keep the
sampling method constant (see Note 1).

. The head of the brush is then placed into the buffer container

and rotated repeatedly such that the cells are dislodged and
released into the buffer producing a cloudy suspension.

Cells from both right and left cheeks are transferred into
separate TV 10 centrifuge tubes and spun for 10 min at
400 xy.

. The supernatant is aspirated off, leaving approximately 1 mL,

and is replaced with 5 mL of buccal cell buffer. The cells are
vortexed briefly.

. The cells are re-spun at 400 x4 for 10 min. The supernatant

is aspirated oft and the cells are resuspended in 5 mL of buc-
cal buffer.

Critical: The best results are achieved after two washes in
buccal cell bufter. This buffer helps to inactivate endogenous
DNases present in the oral cavity and to remove bacteria and
cell debris that could complicate scoring.

. The supernatant is aspirated off and replaced with 5 mL of

fresh buccal cell buffer.
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12.

13.

14.

15.

16.

17.

18.

19.

20.

Buccal Micronucleus Cytome Assay 241

. The cell suspension is vortexed and then homogenized for

3 min in a handheld tissue homogenizer to increase the number
of single cells in suspension.

. Left and right cell populations are pooled in a 30 mL con-

tainer before the cells are drawn up into a syringe using an
18G needle.

. The cells are then passed into a TV 10 tube through a 100 um

nylon filter held in a Swinex holder. This removes large aggre-
gates of unseparated cells that hinder slide preparation (see
Note 2).

. The cells are further spun at 400xg for 10 min and the super-

natant removed. The cells are then resuspended in 1 mL of
buccal cell bufter.

. Count the cells using the Coulter Counter.
10.

Set instrument settings for counting human buccal cells (e.g.,
Coulter Counter Model ZB1; threshold: 8, attenuation: 1,
aperture: 1/4, manometer: 0.5 mL).

Dilute 300 pL of cell suspension into 15 mL of Isoton II.

Perform the count in duplicate to determine the mean cellular
value.

The suspensions are prepared containing 80,000 cells/mL
after calculated dilution with buccal cell buffer.

DMSO (50 ul/mL) is added to aid in cellular disaggregation
and to obtain slide preparations with clearly separated cells.

Follow the manufacturer’s instructions for assembly of the
slides, filter-cards, and cytocentrifuge cups within the cyto-
centrifuge rotor.

Cytocentrifugation is performed at 18-20°C.

Caution: Loading and cytocentrifugation of cell culture sample
must be carried out in an approved cytoguard cabinet to avoid
the possibility of infectious disease transfer from buccal cells.
Appropriate safety protection including gloves must be worn.

Resuspend the cells well using a Pasteur or Gilson pipette to
disaggregate the cells.

Add 120 pL of cell suspension to the well of each sample cup.
The required volume may need slight adjustment depending
on the concentration of cells in suspension and the optimal
cell density for slide scoring, which is determined by trial
and error.

Replace rotor lid until locked and spin down in cytocentrifuge
at 52 x g for 5 min.

Press Start. The cytocentrifuge will run the program, stop,
and slow automatically.
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21.

22.

23.

24.

3.3. Buccal 1.

Cell Staining
and Microscopy

3.3.1. Feulgen Staining

10.

Upon completion of spinning, return the rotor to the fume
hood and follow the manufacturer’s procedure for opening

each slide holder.

The slides are air dried for exactly 10 min at room tempera-
ture (18-22°C).

The slides are fixed in ethanol: glacial acetic acid mix (3:1),
tfollowed by further air drying for 10 min.

Alternatively, if a cytocentrifuge is not available, first fix the
cells in a suspension of 3:1 ethanol: acetic acid, and then drop
120-150 pL of cell suspension onto the slides, and allow to
air dry for 10 min prior to staining.

Fixed slides (including a spare control slide) are treated for
1 min each in Coplin jars with 50 and 20% ethanol, and then
washed with Milli-Q water for 2 min in Coplin jars.

. The slides are placed in a Coplin jar of 5 M HCI for 30 min

and then rinsed in running tap water for 3 min.

Critical: Include a negative control with each batch to check
for efficacy of 5 M HCI treatment by placing a sample slide in
Milli-Q water for 30 min instead of in 5 M HCL.

. The slides are drained (but not allowed to dry out) and placed

in a room temperature Coplin jar of Schift’s reagent for
60 min in the dark at room temperature.

. The slides are treated in running water for 5 min and rinsed

well in Milli-Q.

. The slides are stained in 0.2% Light Green for 20-30 s and

rinsed well in Milli-Q water.

. Immediately place the slides face-down on Whatman No. 1

filter paper to blot away any residual moisture. Do not place
any pressure or rub on the cell spots.

. Place the slides on a slide tray and allow to dry for about

10-15 min.

. Examine the cells at x100 and x400 magnification to assess

the efficiency of staining and the density of the cells. If the cell
density is too heavy or light, concentrate or dilute the cells as
necessary and repeat the spinning and staining steps.

. Leave the slides to dry completely for at least 30 min before

putting coverslips on.

Pause point: The slides can be left overnight at room tempera-
ture to dry.

Place the slides to be coverslipped on tissue paper and set out
one coverslip alongside each.

Caution: Carry out coverslipping in a fume hood to avoid
inhalation of organic solvent in DePex and leave the slides
until completely dry.



3.4. Criteria

for Scoring Cell
Types in the Buccal
Micronucleus
Cytome Assay

3.4.1. Normal Basal
Cells (Fig. 2a)

3.4.2. Normal
“Differentiated”
Cells (Fig. 2b)
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11. Place two large drops of DePex (use a plastic dropper) on
each of the coverslips in the approximate area where the spots
correspond.

Cauntion: Wear nitrile gloves when applying DePex medium.

12. Invert the slide over the coverslip and allow the DePex to
spread. Slide the coverslip gently to and fro to expel any excess
DePex and air bubbles. Ensure that the spots do not have air
bubbles over them.

13. Wipe excess DePex from the edges of the slide and ensure
that the medium or glass does not cover any of the frosted
label area, as a coding label will not stick on these.

14. Place the slides on a tray and leave overnight in the fume
hood to dry.

15. Store the slides in slide boxes at room temperature and code
with a sticky label over the frosted area before scoring.

16. When observed under transmitted light microscopy, nuclei
and MNIi have a magenta coloration, while cytoplasm appears
green (Fig. 2). In negative controls (i.e., no 5 M HCI treat-
ment), the nuclei are not stained with the magenta color.

17. Fluorescence can be achieved with this stain when the cells are
viewed under fluorescence with a far red filter (see Note 3).

The criteria for the various distinct cell types and nuclear anoma-
lies scored in the BMCyt assay are mainly based on the criteria
described by Tolbert et al. (9). These criteria are intended for
classifying buccal cells into categories that distinguish between
“normal” cells and cells that are considered “abnormal” based on
cytological features that are indicative of abnormal nuclear mor-
phology. These abnormal nuclear morphologies are thought to
be indicative of DNA damage or cell death.

The buccal cells are classified into the following cytome cell
types, as shown in Fig. 2.

These are the cells from the basal layer. The nuclear to cytoplasm
ratio is larger than that in differentiated buccal cells derived from
basal cells. Basal cells have a uniformly stained nucleus and they
are smaller in size when compared to differentiated buccal cells.
No DNA containing structures apart from the nucleus are observed
in these cells. The cytoplasm is typically stained a darker shade of
green with Light Green compared to differentiated cells.

These cells have a uniformly stained nucleus, which is usually oval or
round in shape. They are distinguished from basal cells by their larger
size and by a smaller nuclear to cytoplasmic ratio. No other DNA
containing structures apart from the nucleus are observed in these
cells. These cells are considered to be terminally differentiated rela-
tive to basal cells. No mitotic cells are observed in this population.
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Fig. 2. Photomicrographs showing distinct buccal cell types as scored in the buccal micronucleus cytome assay.

3.4.3. Cells with
Micronuclei (Fig 2a, c)

These cells are characterized by the presence of both a main
nucleus and one or more smaller nuclei called MNi. The MNi are
usually round or oval in shape and their diameter may range
between 1/3 and 1/16 the diameter of the main nucleus. Cells
with MNi usually contain only one micronucleus. It is possible
but rare to find cells with more than 6 MNi. The nuclei in micro-
nucleated cells may have the morphology of nuclei in normal cells
or that of dying cells (i.e., condensed chromatin cells), although
the latter are not scored to measure micronucleus frequency. The
MNIi must be located within the cytoplasm of the cells. The pres-
ence of MNi is indicative of chromosome loss or fragmentation
occurring during previous nuclear division (10). MNi are scored



3.4.4. Cells with Nuclear
Buds (Fig. 2d)

3.4.5. Binucleated
Cells (Fig. 2e)

3.4.6. Condensed
Chromatin Cells (Fig. 21)

3.4.7. Karyorrhectic
Cells (Fig. 2g)
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only in basal and differentiated cells with uniformly stained nuclei.
Cells with pyknotic, condensed chromatin, or karyorrhectic nuclei
are not scored for MNIi.

These cells have nuclei with an apparent sharp constriction at one
end of the nucleus suggestive of a budding process, i.c., elimina-
tion of nuclear material by budding. In the original manuscript by
Tolbert et al. (9), they were referred to as “broken egg” cells. The
nuclear bud and the nucleus are usually in very close proximity
and are apparently attached to each other. The nuclear bud has
the same morphology and staining properties as the nucleus;
however, its diameter may range from a half to quarter of that of
the main nucleus. The mechanism leading to this morphology is
not known but it may be due to elimination of amplified DNA
and/or DNA repair complexes (11-13).

These cells have two nuclei instead of one. The nuclei are usually
very close to each other and may be touching. The nuclei usually
have the same morphology as that observed in normal cells. The
significance of these cells is unknown but they may be indicative
of failed cytokinesis following the last nuclear division. It has
recently been shown that non-disjunction occurs with a higher
frequency in binucleated cells that fail to complete cytokinesis
rather than in cells that have completed cytokinesis (14). This
recently identified mechanism is thought to be a cytokinesis
checkpoint for aneuploid binucleated cells (14). The binucleate
cell ratio may, therefore, prove to be an important biomarker for
identifying individuals with cytokinesis defects, which could lead
to higher than normal rates of aneuploidy (1).

These cells have nuclei with regions of condensed or aggregated
chromatin exhibiting a roughly striated nuclear pattern in which
the aggregated chromatin is intensely stained. In these cells, it is
apparent that chromatin aggregates in some regions of the nucleus
while being lost in other areas. When chromatin aggregation is
extensive, the nucleus may appear to be fragmenting. These cells
may be undergoing early stages of apoptosis, although this has
not been conclusively proven. These cells may appear to contain
MNIi but should not be scored for MNI in the assay.

These cells have nuclei that are characterized by the more exten-
sive appearance of nuclear chromatin aggregation relative to con-
densed chromatin cells. They have a speckled nuclear pattern with
apparent dissolution of nuclear material, which is indicative of
fragmentation and eventual disintegration of the nucleus. These
cells may be undergoing a late stage of apoptosis, but this has not
been conclusively proven. These cells should not be scored for
MNi in the assay. According to Tolbert et al. (9), fragmentation of
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3.4.8. Pyknotic
Cells (Fig. 2h)

3.4.9. Karyolytic
Cells (Fig. 2i)

3.5. Scoring Method

the nucleus may rarely occur prior to advanced nuclear dissolution.
These cells are also classified as karyorrhectic.

These cells are characterized by a small shrunken nucleus, with a
high density of nuclear material that is uniformly but intensely
stained. The nuclear diameter is usually one to two-thirds of a
nucleus in normal differentiated cells. The precise biological sig-
nificance of pyknotic cells is unknown but it is thought that these
cells may be undergoing a form of cell death; however, the precise
mechanism remains unknown. They may represent an alternative
stage of nuclear disintegration that is distinct from the condensed
chromatin and karyorrhectic mechanisms.

In these cells, the nucleus is completely depleted of DNA and is
apparent as a ghost-like image that has no Feulgen staining. These
cells thus appear to have no nucleus. It is probable that they repre-
sent a very late stage in the cell death process, but this has not been
conclusively proven.

Slides should be coded before scoring by an individual not involved
in the experiment, so that the slide scorer is not aware of the treat-
ment conditions and individual or groups to which the cells on the
slides belong. Slides are best examined at x1000 magnification
using a good-quality bright-field or fluorescence microscope (e.g.,
Leica DMLB and Nikon Eclipse E 600). The optimal way to score
slides in the BMCyt assay is to first determine the frequency of
all the various cell types in a minimum of 1,000 cells. Then the
frequency of DNA damage biomarkers (MNi and nuclear buds) is
scored in a minimum of 2,000 differentiated cells and 200 basal
cells separately. For each slide, the following information should
therefore be obtained:

1. The number of viable basal and differentiated cells per 1,000
cells scored.

2. The number of pyknotic, condensed chromatin, karyorrhectic,
and karyolytic cells per 1,000 cells.

3. The number of binucleates per 1,000 cells scored.

4. The number of MNi and NBUDs in at least 2,000 differentiated
cells and in 200 basal cells.

5. The frequency of basal cells and /or difterentiated cells con-
taining MNIi.

6. The frequency of basal and /or differentiated cells containing
NBUDs.

Preferably cells are scored using both bright-field and
fluorescence microscopy. Cells containing MNi on bright
field are confirmed as being positive for the biomarker by
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examining the cells also under fluorescence. The incidence
of false positives can be minimized as DNA material such
as nuclei and MNi fluoresce brightly red when viewed
under fluorescence with a far red filter (emission wave-
length range 580-620 nm).

4. Notes

1. It is important to note that the sampling method should be
kept constant because the distribution of cell types may
change depending on the sampling method. Repeated vigorous
sampling may lead to collection of cells from the less differen-
tiated basal layer (2).

2. We have performed experiments to investigate whether the
filtering process in the preparation of the single cell suspen-
sion has adverse effects on cell population ratios. The larger
cell aggregates that were filtered out reflected the same cel-
lular population ratios as the eventual single cell suspension
used in slide preparation for analysis. This is important in
order to rule out selection against a particular cell type, which
would have significant effects on both data analysis and
interpretation.

3. One of the unique features of the staining technique used in
this assay is that DNA material fluoresces when viewed under
fluorescence with a far red filter (emission wavelength range
580-620 nm). This is important because cells containing
MNi on bright field can be confirmed as being positive by
examining the cells under fluorescence, and the nuclear tex-
ture which is important in classitying condensed chromatin
and karyorrhectic cells may be easier to discern. This mini-
mizes the incidence of false positives, thereby giving a more
accurate assessment of DNA damage events.

Previous studies have shown that false-positive results in micro-
nucleus frequency as a result of using Romanowsky type stains can
lead to inaccurate data interpretation. In a study investigating
micronucleus frequency in relation to staining techniques in buccal
mucosa of smokers against non-smokers, a four- to fivefold increase
in MNi frequency in smokers was found using Leishman’s stain.
However, when a specific DNA fluorescent dye was used, there
were no significant differences between these groups. Leishman’s
stain has been shown to increase the number of false positives as
they positively stain keratin bodies that are often mistaken for MNi
and is, therefore, not appropriate for this type of analysis (15).
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Chapter 18

v-H2AX Detection in Peripheral Blood Lymphocytes,
Splenocytes, Bone Marrow, Xenografts, and Skin
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Abstract

Measurement of DNA double-strand break (DSB) levels in cells is useful in many research areas, including
those related to DNA damage and repair, tumorigenesis, anti-cancer drug development, apoptosis, radio-
biology, environmental effects, and aging, as well as in the clinic. DSBs can be detected in the nuclei of
cultured cells and tissues with an antibody to H2AX phosphorylated on serine residue 139 (y-H2AX).
DSB levels can be obtained either by measuring overall v-H2AX protein levels in a cell population or by
counting y-H2AX foci in individual nuclei. Total levels can be obtained in extracts of cell populations by
immunoblot analysis, and in cell populations by flow cytometry. Furthermore, with flow cytometry, the
cell cycle distribution of a population can be obtained in addition to DSB levels, which is an advantage
when studying anti-cancer drugs targeting replicating tumor cells. These described methods are used in
genotoxicity assays of compounds of interest or in analyzing DSB repair after exposure to drugs or radia-
tion. Immunocyto/immunohistochemical analysis can detect y-H2AX foci in individual cells and is very
sensitive (a single DSB can be visualized), permitting the use of extremely small samples. Measurements
of y-H2AX focal numbers can reveal subtle changes found in the radiation-induced tissue bystander
response, low dose radiation exposure, and in cells with mutations in genomic stability maintenance
pathways. In addition, marking DNA DSBs in a nucleus with y-H2AX is a powerful tool to identify novel
DNA repair proteins by their abilities to co-localize with y-H2AX foci at the DSB site. This chapter pres-
ents techniques for y-H2AX detection in a variety of human and mouse samples.

Key words: y-H2AX, DNA damage, Immunofluorescence, Immunoblotting, Flow cytometry,
Lymphocytes, Splenocytes, Bone marrow, Xenografts, Skin

1. Introduction

DNA double-strand breaks (DSBs) may be caused by a variety of
factors, including exposure to chemical and environmental
stresses, errors in cellular metabolism, and they may be formed as

Vladimir V. Didenko (ed.), DNA Damage Detection In Situ, Ex Vivo, and In Vivo: Methods and Protocols,
Methods in Molecular Biology, vol. 682, DOI 10.1007/978-1-60327-409-8_18, © Springer Science+Business Media, LLC 2011
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essential intermediates in programmed biological processes (1).
Immediately after the formation of a DSB, histone H2AX, a pro-
tein component of chromatin, is phosphorylated on serine 139
(2). The phosphorylated form of H2AX is named y-H2AX.
During the 30 min following DSB formation, several hundred to
over a thousand y-H2AX molecules are formed along the chroma-
tin adjacent to the DSB site to form a y-H2AX focus (3). Virtually
every DSB is represented by a y-H2AX focus (4, 5). The y-H2AX
foci serve as a target for the recruitment of many DNA damage
repair factors (6). After the DSB is repaired, the »-H2AX molecules
are dephosphorylated and the y-H2AX foci disappear (7).

Compared to y-H2AX-based methods, other measures of
DNA DSB levels, which rely on analyzing DNA fragmentation,
either by pulsed-field gel electrophoresis, comet assay, or DNA
elution, are less sensitive. With ionizing radiation, high doses are
required to produce amounts of DSBs detectable by DNA frag-
mentation assays. These doses are lethal for mammals and many
other organisms (8—11). The numbers of y-H2AX foci correlate
directly with the amount of radiation received (5, 12).

Several antibodies directed against y-H2AX are commercially
available (20). Antibodies against y-H2AX are used in two types of
assays. The first type involves measurements of total y-H2AX pro-
tein levels in a cell population (immunoblotting and flow cytome-
try). Immunoblotting measures the amount of y-H2AX in protein
extracts after homogenization of the cells or tissue (13, 14), while
flow cytometry measures the total amount of y-H2AX per cell in a
population (10, 15, 16). Flow cytometry analysis of v-H2AX levels
also yields information on the cell cycle distribution of a popula-
tion, which is useful when studying compounds that preferentially
act on S-phase cells (17). The second type of assay involves immu-
nocytochemical and immunohistochemical visualization of y-H2AX
foci in cultured cells and tissues, respectively. Despite the fact that
these techniques are labor intensive and costly, they permit detec-
tion of individual DSBs. This is crucial when measuring the effects
of low-dose radiation exposure, identifying weakly genotoxic com-
pounds, and studying aging and genomic instability (reviewed in
(1)). Both immunoblotting and flow cytometry techniques are less
sensitive than microscopy. For example, techniques using micros-
copy can detect a single DSB, while immunoblotting and flow
cytometry typically have detection limits of 2-20 DSBs per cell,
depending on the cell type. Moreover, because y-H2AX marks
DSB sites, the use of microscopy permits the study of DNA repair
in single cells, identifying repair factors that co-localize with
v-H2AX. Thus, the detection of y-H2AX is a powerful and straight-
forward tool for the analysis of DNA DSB damage i vivo. The
following protocols permit the detection of v-H2AX in human and
mouse tissues, attached and suspension cell cultures, and peripheral
blood mononuclear cells (PBMCs).
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2. Materials

2.1. Isolation 1. For human blood collection, 4- or 6-mL anticoagulant sodium
of Suspension Cells heparin-coated tubes (BD Biosciences, San Jose, CA).

2. For mouse blood collection, 0.5-mL anticoagulant EDTA-
coated capillary tubes (Fisher Scientific, Billerica, MA).

2.1.1. Isolation and
Activation of Peripheral

Blood Lymphacytes . 15-mL centrifuge tubes (Corning, Life Sciences, Lowell, MA).

. Phosphate-buffered saline (PBS), pH 7 .4.
. Ficoll-Paque (GE Healthcare, Piscataway, NJ).

. Suspension cell medium (SCM): RPMI medium (Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum
(FBS; Atlanta Biologicals, Lorensville, GA) and 100 U/mL
penicillin, 100 pg/mL streptomycin (Invitrogen).

7. Phytohemaglutinin A (PHA; Sigma-Aldrich, St. Louis, MO)

stock solution at 1 mg/mL in water is used for lymphocyte

activation. Store at —20°C.

QN Ul W

2.1.2. Isolation
and Activation
of Splenocytes

. 100-mm tissue culture dishes (BD Biosciences).
. Tweezers.

. 5-mL syringes (BD Biosciences).

. 25-gauge needles (BD Biosciences).

SCM.

. Activation cocktail which is at 2x: SCM containing 10 pg/mL
concanavalin A (Con-A), 40 ug/mL lipopolysaccharide
(LPS), and 300 U/mL interleukin-2 (IL-2) from mouse, all
from Sigma-Aldrich. Stock solutions in water: Con-A 10 mg/mL,
LPS 5 mg/mL, and IL-2 100,000 U/mL are stored at
-20°C.

2.1.3. Isolation 1. 1.6-mL graduated microcentrifuge tubes (CLP, San Diego,
of Bone Marrow Cells CA).

2. 3-mL syringes (BD Biosciences).
3. 25-gauge needles.
4. SCM.

2.2. Immunacyto- 1. 15-mL conical centrifuge tubes (Corning, Life Sciences).

chemistry in 2. Microscopic superfrost plusslides (Erie Scientific, Portsmouth,
Suspension Cells NH).

3. Coplin glass jars (Electron Microscopy Sciences, Hatfield,
PA).

4. Gold-seal coverslips 18x18 mm (Electron Microscopy
Sciences).
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2.3. Flow Cytometry
in Peripheral Blood
Lymphocytes

10.

11.

12.

13.

14.

15.

16.

. Liquid-repellent slide marker pen (Pap Pen) (Daido Sangyo,

Tokyo, Japan).

. 20% paraformaldehyde solution (Electron Microscopy

Sciences) stored at room temperature (RT).

. PBS,pH 7 4.
. Centrifuge (model GS-6KR) with GH 3.8 swinging bucket

rotor (Beckman Coulter, Fullerton, CA) (see Note 1).

. Cytocentrifuge (model Shandon Cytospin 3, Fisher Scientific)

and cytocentrifuge supplies.

70% ethanol stored at —20°C must be cold at the time of
application.

PBS-TT: PBS containing 0.5% Tween-20 and 0.1% Triton
X-100. PBS-TT may contain 5% bovine serum albumin (BSA,
Sigma-Aldrich) for blocking, or 1% BSA for diluting primary
and secondary antibodies. PBS-TT is stored at RT for up to 1
month.

Primary antibodies: mouse monoclonal anti-y-H2AX (Cat.#
ab18311, Abcam, Cambridge, MA) for human cells (stored at
-20°C), or rabbit polyclonal anti-y-H2AX (Cat# NB100-384,
Novus Biologicals, Littleton, CO) for mouse cells (stored at
4°C). Dilute before use with PBS-TT containing 1% BSA.

Secondary antibodies: goat anti-mouse Alexa Fluor 488-con-
jugated IgG (Cat# A11029) for mouse monoclonal anti-y-
H2AX, or Alexa Fluor 488-conjugated goat anti-rabbit IgG
(Cat.# A11034) for rabbit polyclonal anti-y-H2AX (both
from Invitrogen). Secondary antibodies are stored at 4°C and
diluted before use with PBS-TT containing 1% BSA.

50 mg/mL RNase A (Sigma-Aldrich). Aliquoted stock solu-

tion is stored at -20°C and diluted with PBS to 0.5 mg/mL
before use.

Vectashield mounting medium containing propidium iodide
(PI) (Vector Laboratories, Burlingame, CA).

Laser scanning confocal microscope Nikon PCM 2000 (Nikon,
Augusta, GA), orinverted microscope Olympus IX70 (Olympus
America, Center Valley, PA).

. SCM containing RPMI medium (Invitrogen) supplemented

with 10% FBS (Atlanta Biologicals) and 100 U/mL penicil-
lin, 100 ug/mL streptomycin (Invitrogen).

2. PBS, pH 7.4, pre-chilled on ice.

. 70% ethanol is stored at -20°C to be cold at the time of

application.

. 20% paraformaldehyde (Electron Microscopy Science).

Prepare a 4% paratormaldehyde solution in PBS fresh for each
experiment.



2.4. Western Blotting
in Peripheral Blood
Lymphocytes
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10.

11.

12.

13.
14.

QN U1 W

. Triton X-100. Prepare a 0.25% Triton X-100 solution in ice-

cold PBS fresh for each experiment and keep in the refrigerator
until the time of application.

. 15-mL conical centrifuge tubes (Corning, Life Sciences).
. Centrifuge (model GS-6KR) with GH 3.8 swinging bucket

rotor (Beckman Coulter) (see Note 2).

. BSA (Sigma-Aldrich). Prepare a 1% solution in PBS fresh for

each experiment.

. Primary mouse monoclonal anti-y-H2AX antibody (Cat#

ab18311, Abcam) for human cells. Store at —~20°C and dilute
in PBS /1% BSA before use.

Secondary goat anti-mouse Alexa Fluor 488-conjugated IgG
(Cat# A11029, Invitrogen). Store at 4°C and dilute in
PBS/1% BSA before use.

RNase A (Sigma-Aldrich) stock solution (10 mg/mL in
water). Aliquot and store at -20°C.

PI (Sigma-Aldrich) stock solution (1 mg/mL in water). Store
at4°C.

5-mL BD Falcon™ round-bottom tubes (BD Biosciences).

Flow cytometer FACScan (BD Biosciences).

. PBS, pH 7.4, containing 10 mM NaF (Sigma-Aldrich). 1 M

NaF stock solution in water is stored at 4°C.

. 2x SDS protein gel loading solution (Quality Biologicals,

Gaithersburg, MD).

. Beta-mercaptoethanol (B-ME) (Sigma-Aldrich).

. 1.6-mL graduated microcentrifuge tubes (CLP).

. Novex 4-20% Tris—glycine polyacrylamide gels (Invitrogen).
. Tris—glycine-SDS running buffer (10x) (Bio-Rad Laborator-

ies, Hercules, CA).

7. Kaleidoscope prestained standards (Bio-Rad Laboratories)

O ©o

11.

12.
13.
14.
15.

. Novex Xcell IT mini cell system (Invitrogen).
. Tris—glycine transfer bufter (25x) (Invitrogen).
10.

PVDF membrane (0.2-um pore size) (Invitrogen). The
0.45-um pore size is also compatible for y-H2AX detection.

TBS-T: Tris-buffered saline (TBS), pH 7.4 (Mediatech Inc,
Manassas, VA) containing 0.05% Tween-20 (Invitrogen).

Non-fat milk powder (Bio-Rad Laboratories).
Methanol (Fisher Scientific).
50-mL conical tubes (BD Biosciences).

PageBlue™ protein staining solution (Fermentas International
Inc., Ontario, Canada).
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2.5. Immunohisto-
chemistry in
Xenografts and Skin

16.

17.

18.
19.
20.

Primary antibodies: mouse monoclonal anti-y-H2AX (Cat#
ab18311, Abcam) and rabbit polyclonal anti-H2AX (Cat#
abl1175, Abcam). Dilute before use with blocking buffer
(see Subheading 3).

Secondary antibodies: anti-mouse horseradish peroxidase
(HRP)-conjugated IgG or anti-rabbit HPR-conjugated IgG
(Cat# NA931V or NA934V, respectively, GE Healthcare.

Enhanced chemiluminescent (ECL) reagents (GE Healthcare).
High sensitivity chemiluminescent films (GE Healthcare).

Restoring Western blot stripping buftfer (Pierce biotechnology,
Rockford, IL).

. Screw-cap cryovials (Fisher Scientific, Pittsburgh, PA).
. Biotinylated monoclonal anti-y-H2AX antibody JBW301

(Cat# 16-193, Upstate Biotechnology, Lake Placid, NY).
Now the antibody can be obtained from Millipore (Billerica,
MA).

. Streptavidin—Alexa Fluor-488 conjugate (Cat# S32354 or

$11223, Invitrogen).

4. Prolong gold with DAPI (Invitrogen).

ul

. Absolute ethanol (AAPER, Toronto, Ontario, Canada).

6. 10% neutral buffered formalin (NBF; Richard Allen Scientific,

10.

11.
12.

13.
14.
15.
16.

17.

Kalamazoo, MI).

. Xylene, histology grade (Fisher Scientific).
. Paraffin Tissue-Tek VIP (Electron Microscopy Sciences).
. Temno 2N2711X tru-cut 18-gauge biopsy needles (Allegiance

Healthcare, McGaw Park, IL).

Vision BondMax autostainer (Leica Microsystems, Bannock-
burn, IL) and ancillary reagents: Bond dewax, Bond wash
solution, Bond ER1 solution.

Leica RM2255 automated microtome (Nussloch, Germany).

Accu-Edge low-profile microtome blades (Sakura Finetek,
Torrance, CA).

Water bath (Triangle Biomedical Science, Durham, NC).
Superfrost plus slides (Erie Scientific).
Incubator (model 10-140, Quality Lab, Chicago, IL).

Leica DM-5000 fluorescence microscope equipped with
Phase Contrast Head, 20x HCX Plan Fluotar Phase 2 objec-
tive, Leica EL6000 external light source, Leica DM5000B
fluorescent light source, and Leica filter systems A4 and L5.

Retiga 2000R CCD Camera and Image Pro or Q Capture
Pro software (Q-Imaging, Tucson, AZ).
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3. Methods

3.1. Immunocyto- This protocol describes the immunocytochemical detection of

chemistry Detection v-H2AX in mammalian suspension cells, including post-mitotic

of y-H2AX in Peripheral  or activated peripheral blood lymphocytes, splenocytes, and bone

Blood Lymphocytes marrow (Fig. 1). It can be applied for iz vivo studies monitoring
patient response to radiotherapy or drug treatment (18), or ani-
mal model experiments, as well as for ex vivo experiments with
mammalian material (see Note 3).

3.1.1. Cell Isolation 1. Dilute blood samples collected by venipuncture or cardiac

3111 Isolation and puncture into anticoagulant tubes with 1 vol. of PBS.

Activation of Peripheral 2. Layer 1 vol. of the blood—PBS mix on the top of 2 vol. of

Blood Lymphocytes Ficoll-Paque in a centrifuge tube.

3. Centrifuge the solution at 700x g for 25 min at RT (the
breaking function of the centrifuge must be deactivated for
this step).

4. Collect the layer containing lymphocytes.

5. Wash the lymphocytes twice with 10 mL of SCM by centri-
fuging at 600 x4 for 5 min at RT.

Fig. 1. Representative images of -H2AX staining in suspension cells isolated from mice and humans. (a) Unirradiated
mouse bone marrow; (b, ¢) Splenocytes, non-activated (b) and at 2 days post-activation (c). Splenocyte activation leads
to DSB formation resulting from replication stress (19); (d—g) Human blood lymphocytes, unirradiated (d) and 30 min
after 0.1 Gy-irradiation (e), 0.4 Gy-irradiation (f) and 0.6 Gy-irradiation (g). Green, y-H2AX; red, DNA stained with PI. Bar
is 5 um. Magnification, 1,000x.
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3.1.1.2. Isolation and
Activation of Spleen Cells

3.1.1.3. Isolation
of Bone Marrow Cells

3.1.2. Cell Fixation and
Preparation for Staining

. Dilute the lymphocytes to 4 x 10° cells/mL in SCM; they can be

processed immediately, or maintained at 37°C for up to 3 days.

. Lymphocytes may be activated by adding 20 ug/mL of PHA

to the 2x activation cocktail used for spleen cells.

. Sacrifice mouse, remove the spleen aseptically, and place it in

100-mm tissue culture dishes.

. While holding the spleen with tweezers, and using a 5-mL syringe

containing 3 mL of SCM, disperse spleen cells by pushing the
SCM into one side of the spleen through a 25-gauge needle.

. Repeat the procedure by turning the spleen 180° and applying

SCM to disperse more cells.

. Cells are stored on ice in SCM for up to 3—4 h, or if necessary

until fixation.

. Dilute splenocytes to 4 x 10° cells/mL in SCM. Contrary to

peripheral lymphocytes, the splenocytes have to be used on
the day of their isolation from the spleen.

. For splenocyte activation, add 2 mL of spleen culture

(4x10° cells/mL) to 2 mL of 2x activation cocktail.

. Sacrifice mouse and remove femur and tibia by cutting

through the bones at the ankle and near the pelvis.

. Trim the muscles and fat from the bones, and then separate

the two bones by cutting through the knee joint.

. Using a 3-mL syringe containing 1 mL of SCM, flush the

bone marrow cells into a microfuge tube by inserting a
25-gauge needle in the openings of the bone ends.

. Pipette the cells gently to remove clumps; they can be stored

on ice at 4°C for up to 3—4 h, or if necessary until fixation.

. Transfer a 2-mL aliquot of cells (4 x 10°¢ cells/mL) toa 15-mL

conical centrifuge tube.

. Fix with 220 pL of 20% paraformaldehyde solution (2% final

concentration).

. Vortex briefly.

. Incubate for 20 min at RT.

. Add 10 mL of PBS and mix briefly.

. Centrifuge for 5 min at 600xyg at RT and discard the
supernatant.

. Repeat washing by centrifugation twice more with 10 and

5 mL of PBS.

. Resuspend the pelletin PBS ata concentration of 2 x 106 cells /

mL (see Note 4).



3.1.3. Immunocytochemistry

3.1.4. Imaging
and Image Analysis
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10.
11.

12.
13.

14.

Spot cell samples onto slides by cytospining 200-300 uL of
cell suspension for 4 min at 80 x g at RT (see Note 5).

. After cytospin, dry the specimens for 5 min at RT.
. Re-hydrate with PBS for 15 min.
. Place in a -20°C pre-chilled glass Coplin jar and incubate

with —20°C pre-chilled 70% ethanol at room temperature for
at least 20 min (see Note 6).

. Wash the slides in PBS for 15 min.

. Block in PBS-TT containing 5% BSA for 30 min at 20°C.

. Wash in PBS once for 5 min.

. Incubate the specimens with the primary antibody at a 500x

dilution in PBS-TT containing 1% BSA for 2 h at RT. One of
the following antibodies is used: mouse monoclonal anti-y-
H2AX or rabbit polyclonal anti-y-H2AX (see Note 7).

. Wash in PBS three times for 5 min each.

. Incubate the specimens with secondary antibody at a 500x

dilution in PBS-TT containing 1% BSA for 1 h at RT. The
secondary antibody is one of the following, depending on
the primary antibody: Alexa Fluor 488-conjugated goat

anti-mouse IgG or Alexa Fluor 488-conjugated goat anti-
rabbit IgG.

Wash in PBS three times for 5 min each.

Incubate the specimens with 0.5 mg,/mL RNase A in PBS at
37°C for 20 min.

Wash in PBS twice for 5 min each.

Apply mounting medium with PI and coverslip. The edges of
the coverslip should be sealed with nail polish (see Note 8).

Perform microscopy.

. Count the y-H2AX foci directly using a fluorescent micro-

scope. We typically count foci in 50-100 nuclei.

. A confocal microscope is used to capture whole nuclei. Each

confocal image is taken with increments of 0.5 pm with
z-sections condensed, so all detectable foci are visible in a
single plane.

. v-H2AX foci are counted by eye in images opened in

Photoshop or Paint Shop Pro software.

. Alternatively, image-counting or intensity measuring software

can be used, such as the Image Pro 6.2 Analyzer (Media
Cybernetics, Bethesda, MD), IPLab (BD), or Image Quant
(Molecular Dynamics).
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3.2 Detection This protocol describes the detection of y-H2AX by flow cytom-
of y-H2AX in etry in ex vivo and iz viveo samples such as human lymphocytes
Peripheral Blood isolated from peripheral blood (Fig. 2).

Lymphocytes by Flow 1. Use 10x10° lymphocytes per sample (see Note 9) at
Cytometry

1x10°¢ cells/mL. Lymphocytes are maintained in SCM con-
taining 10% FBS for up to 3 days.

2. After treatment, transfer the cell culture to a 15-mL conical
tube. All steps described below are performed in 15-mL coni-
cal tubes.

3. Wash the cells once with 1 mL of ice-cold PBS, i.e., cells are
centrifuged at 500 x g for 5 min at 4°C, resuspended in 1 mL
of ice-cold PBS and centrifuged again right away at 500x g4
for 5 min. All the washes indicated below are performed the
same way.

4. Fix the cells with 1 mL of 4% paraformaldehyde for 10 min
at RT.

5. Wash the cells once with 1 mL ofice-cold PBS (see step 3).

6. Permeabilize the cells with 1 mL of pre-chilled (-20°C) 70%
ethanol for 20 min at RT or overnight at 4°C (see Note 10).

a 0 Gy 02 Gy 06 Gy 1 Gy
& FH2AX: 7 1% FH2AX: 28.6% FH2AX: 61.53% FH2LX: 80.2%
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Fig. 2. Flow cytometry analysis of y-H2AX and DNA content in irradiated post-mitotic human primary lymphocytes.
(a) Cells were analyzed 30 min post-irradiation. y-H2AX-positive cells are shown in green. Numbers are percentages of
v-H2AX positive cells and mean fluorescence intensity of y-H2AX (mean Y). (b) Quantification of mean fluorescence
intensity data shown in (a).



3.3. Detection of
y-H2AX in Peripheral
Blood Lymphocytes
by Western Blotting

3.3.1. Protein Extraction
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7.
8.

11

13.
14.

15.

Wash the cells twice with 1 mL of ice-cold PBS.

Further permeabilize the cells with 1 mL of ice-cold 0.25%
Triton X-100 for 5 min on ice.

. Wash the cells once with 1 mL of ice-cold PBS.
10.

Incubate the cells with 200 pL of mouse monoclonal anti-y-
H2AX antibody at 250x dilution in PBS/1% BSA for 1 h at
RT. No agitation is needed.

. Wash the cells once with 1 mL of ice-cold PBS.
12.

Incubate the cells with 200 uL of goat anti-mouse Alexa
Fluor-488 antibody at 250x dilution in PBS/1%BSA for
30 min at RT. No agitation is needed. At this step and the
next ones, protect the cells from light with foil.

Wash the cells once with 1 mL of ice-cold PBS.

Resuspend the cells in 500 pL of a solution containing 50 pg,/mL
of PI and 0.5 mg/mL of RNase A. This solution is obtained
by a 20x dilution of stock solutions, 1 mg/mL PIand 10 mg/
mL RNase A, in PBS.

Transfer the cells to a 5-mL BD Falcon™ round-bottom tube
and incubate for a few minutes at RT before analyzing by
flow cytometry in FL2-A (PI) versus FLL1-H (y-H2AX). The
samples can be stored for 2 h in the refrigerator before the
analysis. For the data shown in Fig. 2, the following settings
were used with the CellQuest software (Tampa, FL): FSC
(voltage EOO, Amp gain 2.14, linear mode), SSC (voltage
381, Amp gain 1.00, linear mode), FL1-H (voltage 790,
Amp gain 1.00, linear mode, see Note 11), FL2-H (voltage
500, Amp gain 1.00, linear mode), FL.2-A (Amp gain 1.00,
linear mode), and FL2-W (Amp gain 2.79, linear mode). For
acquisition, open three windows: ESC versus SSC (removes
cellular debris during the analysis), FL2-A versus FL2-W
(removes the cell doublets during the analysis), and FL2-A
versus FL1-H.

This protocol describes the detection of overall »-H2AX levels
relative to total H2AX in human peripheral blood lymphocytes.
The procedure is simple and inexpensive and could be used
in most laboratories. However, compared to microscopy, this
Western blotting-based detection of y-H2AX is less sensitive,
which should be considered, especially when measuring effects of
low-dose radiation.

1.

2.
3.

Add 5x10° cells/mL of lymphocytes to 1.6-mL microcentri-
fuge tubes (see Note 12).

Centrifuge the cells at 2,000 x4 for 5 min at 4°C.
Wash the cells with PBS containing 10 mM of NaF.



260 Redon et al.

3.3.2. SDS-Polyacrylamide
Gel Electrophoresis

3.3.3. Western Blotting

O 0 NN O

. Centrifuge the cells at 2,000 x g for 5 min at 4°C and discard

the supernatants.

. Add 30 pL of 1x SDS protein gel loading solution containing

2.5% B-ME. Add B-ME to the loading solution right before
use.

. Bolil the specimens for 10 min.

. Chill the specimens on ice for 5 min (see Note 13).

. Vortex briefly.

. Centrifuge the specimens at 16,000 x4 for 5 min at 4°C.

. These instructions assume the use of the Novex Xcell II mini

cell system. Prepare 1x Tris—glycine-SDS running buffer by
diluting 100 mL of 10x Tris—glycine—SDS running buffer with
900 mL of water. Add the running bufter to the chamber.

. Load 15 pL of supernatant samples and 15 pL of pre-stained

molecular weight standard to a 4-20% Tris—glycine polyacryl-
amide gel.

. Complete the assembly of the gel system and connect the

power supply.

. Perform electrophoresis at 150 V for 1.5 h, until blue dye line

runs off the gel.

. These instructions assume the use of the Novex Xcell IT blot

module system. Prepare 1x transfer bufter by mixing 40 mL
of 25x Tris—glycine transfer buffer, 760 mL of water, and
200 mL of methanol. The transfer bufter is made before the
transfer step and pre-chilled at 4°C.

. Carefully remove the PVDF membrane sandwiched between

the two filter papers, soak with methanol for few seconds, and
then wet the membrane in transfer buffer. Soak the filter
papers in transfer buffer. Wash six sponges with water and
remove all bubbles, then soak in transfer buffer.

. Disconnect the gel system from the power supply and disas-

semble it. Remove and discard the top and bottom parts of
the gel. Soak the gel in transfer bufter.

. Put three sponges on the cassette and carefully lay the first

wet filter paper on the sponge.

. Lay the gel on the top of the paper.
. Carefully lay the PVDF membrane on top of the gel.

. Lay the second wet filter paper on the top of the membrane,

insuring that no bubbles are trapped in the resulting
sandwich.

. Put three sponges on the filter paper.
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9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

Place the cassette into the transfer tank. Make sure the orien-
tation is correct (the anode is closer to the membrane than
the gel).

Complete the assembly of the transfer system and connect the
power supply. Transfer the protein at 50 V for 1 h.

Prepare blocking bufter by diluting 2.5 g of non-fat milk with
50 mL of TBS-T.

Once the transfer is complete, take the cassette out of the
tank and carefully disassemble. Remove the top three sponges
and the filter paper.

Remove and incubate the PVDF membrane in 50 mL of
blocking buffer at RT for 1 h.

Wash the gel with water for 5 min and incubate it in
PageBlue™ protein staining solution overnight. After stain-
ing, wash the gel with water several times until protein bands
are clear.

Prepare a 500x dilution of the anti-y-H2AX primary mouse
monoclonal antibody solution in blocking buffer in a 50-mL
conical tube.

Carefully put the membrane in the tube and, rotating the tube,
incubate at 4°C overnight (see Note 14). Make sure the pro-
tein side of the membrane is facing the inside of the tube.

Take the membrane out of the tube and wash three times for
5 min each with TBS-T.

Prepare a 15,000x dilution of the secondary antibody solution
(anti-mouse HRP-conjugated IgG) in TBS-T. Incubate the
membrane in the secondary antibody solution at RT for 1 h.

Discard the secondary antibody solution and wash the mem-
brane six times for 5 min each with TBS-T.

These instructions assume the use of ECL Western blotting
detection reagents from GE Healthcare. Prepare the detec-
tion reagent by mixing 1 mL of detection reagent 1 with
1 mL of detection reagent 2.

Drain the excess TBS-T from the washed membrane and
place on a sheet of plastic wrap. Cover the membrane with
the detection reagent and incubate at RT for 5 min.

Drain the excess of detection reagent and place the mem-
brane in a clear plastic file. Wrap the membrane and gently
smooth away any air bubbles.

Place the wrapped membrane in an X-ray film cassette.

Place a sheet of high sensitivity chemiluminescent detection
film on top of the membrane. Exposure typically takes a few
seconds to a few minutes.
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3.4. Immunohisto-
chemical Detection of
y-H2AX in Xenografts
and Skin
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Fig. 3. Western blot analysis of y-H2AX in irradiated post-mitotic human primary lym-
phocytes. (a) Dose-dependent increase of y-H2AX level. (b) Quantification of relative
induction of y-H2AX shown in (a). y-H2AX levels were normalized by total H2AX expres-
sion levels.

25. Once a satisfactory exposure of the y-H2AX has been
obtained, strip the signal off of the membrane and re-blot
with the anti-H2AX antibody.

26. Wash the membrane for 5 min with TBS-T.

27. Incubate the membrane with stripping buffer at RT for
10 min on a shaker.

28. Wash the membrane twice for 5 min each with TBS-T.

29. Prepare a 4,000x dilution of the anti-H2AX primary rabbit
polyclonal antibody solution (anti-rabbit HRP-conjugated
IgG) in blocking buffer in a 50-mL conical tube. Repeat the
incubation and development steps described above. An example
of the results produced is shown in Fig. 3.

Fluorescent immunostaining of tissues prepared by touch printing,
or frozen tissue sectioning was addressed in our earlier publica-
tion (14). Here, we present a method of fluorescent y-H2AX
staining in formalin-fixed, paraffin-embedded biopsies of skin and
xenografts (Fig. 4), which retain better cellular and tissue mor-
phology than frozen tissues. The presented assay overcomes the
problems of high autofluorescence and generally poor detection
of -H2AX in paraffin sections.

Biotinylated monoclonal anti-y-H2AX antibody is used as the
detector, and Alexa Fluor 488-conjugated streptavidin serves as
the reporter. Specimens for this assay were collected according to
standard operating procedures employed by SAIC-Frederick, for
biopsy materials. This method was developed to detect drug-
induced y-H2AX changes in xenografts, and applied to evaluate
the performance of topoisomerase 1 inhibitors in a nude mouse
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Fig. 4. Representative images of y-H2AX staining in paraffin sections. (@) Dose—response to
topotecan (TPT) in a mouse xenograft model (human melanoma) in nude mice. Mice were
dosed one time with TPT. At approximately 4 h post-dosing, mice were anesthetized, a skin
flap was cut, and the xenograft was biopsied. (b) Xenografts showing skin and hair follicle
response at 15 mg/kg (mouse weight) TPT treatment, 4 h post-dosing. Lower Panel shows
enhanced images. (¢) Two patterns of immunofluorescence in paraffin sections, pan-staining
(lefty and focal pattern (right). Image analysis is based on the scoring of y-H2AX-positive
cells. Green, y-H2AX; blue, DNA stained with DAPI. Magnification, 200x.
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3.4.1. Specimen Collection

3.4.2. Specimen Fixation

3.4.3. Paraffin Embedding

model system. The rationale for the procedure is to mimic in animal
models the procedures that are followed in the clinic.

Our procedures are optimized for handling an 18-gauge needle
biopsy, but have been successtully employed for pieces of resected
tumors from human patients and mouse xenografts (see Note 15).

1.

Prior to collection of the tumor piece, label a 2-mL screw-cap
cryovial for each tumor piece to be collected and place the
vials into a Dewar flask containing either dry ice /acetone or
liquid nitrogen to pre-cool the vials.

. Collect the specimen without a perfusion step. We have suc-

cessfully obtained specimens from patients under local anes-
thesia and mice under general anesthesia (isoflurane gas).
Needle biopsies may be directly inserted into the cryovial.
Touching the tip of the free-tissue end of the biopsy will cause it
to adhere to the vial wall, and the needle may then be with-
drawn, leaving the frozen biopsy in the tube.

. For xenografts, the excised tumor should be quartered (for

xenografts staged in the 200 mg size range) by cutting with
fine scissors, and then pieces are placed into the cryovials.

. The vials should be placed into dry ice and held at -80°C

until processing. In our laboratory, specimens are frozen
within 5 min of collection. Speed is critical to specimen
integrity.

. Skin biopsies from mice are collected using the same proce-

dures, except that small surgical scissors are employed to
snip a small piece of skin for analysis. On a nude mouse, the
preferred biopsy area is the snout in the vicinity of the
vibrissae.

. Frozen specimens should be thawed only long enough to dry

the outside of the vials with a paper towel.

. Fix specimens by immersion in 10% NBFE, in a sealed vial, for

at least 16 h and up to 96 h at RT.

(a) Each specimen is fixed in a separate vial and must be
completely immersed in the NBE. Vials are labeled to
correspond to the original specimen vial.

(b) Alternatively, the 10% NBF may be added to the original
specimen vial if they are to be processed immediately.

. Remove the biopsy from the vial and place it between two

pads in a cassette to be processed (a screened cassette may
also be used) (see Note 16).

. Place the cassette into 70% ethanol to begin the paraffin

embedding sequence.



3.4.4. Microtomy

3.4.5. Slide Preparation

3.4.6. Immunohistochemistry
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3. Paraffin embedding at RT is as follows:

(a) 70% ethanol — 1 x 30 min

(b) 80% ethanol — 2 x 30 min

(c) 95% ethanol — 2 x 30 min

(d) 100% ethanol — 3 x 30 min
(e) 100% xylene — 2 x 30 min

(f) Paraffin — 3x45 min at 60°C
(g) Paraffin — 1 x 30 min at 60°C.

. Fill an embedding mold with paraffin and place the biopsy in

the mold.

. Place an embedding cassette on top of the mold and move

the specimen to a cooling plate to harden.

. Select the specimen block for analysis; also select a control

tissue block and a calibrator tissue block.

. Cut 5-um sections using a Leica RM2255 automated micro-

tome and Accu-Edge low-profile microtome blades.

. After the sections are cut, float them on a water bath set at

46°C, and then mount on Superfrost plus slides.

. Dry the sections overnight in an incubator set at 37°C.

. Select sections for mounting starting at section number 5.

Prepare the first and fifth section for y-H2AX staining. Prepare
the third section for H&E staining according to standard
methods. Place the second and fourth sections on slides and
store at 2—-8°C until needed. Maximum storage time under
these conditions is 30 days.

. Set up calibrator specimens for day-to-day variability in speci-

men processing and staining. For these calibrators, treat mice
with a single dose of topotecan (1.5 or 4.7 mg/kg) or vehicle
(water) prepared such that injections are 0.1 mL per 10 g body
weight (see Note 17).

. Handle biopsies and test specimens identically. Embed biopsies

from three different dosage levels in the same paraffin block
for processing.

Steps are performed using the Vision Biosystems instrument. The
steps may be duplicated manually for small sample sets, but tem-
perature control is important. PBS with 0.05% Tween may be
substituted for the Bond wash and diluents.

1. De-paraffinization. Apply Bond dewax solution at 72°C, for

30 s, followed by two Bond dewax rinses (also at 72°C).

(a) Rinse three times with absolute ethanol.
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3.4.7. Imaging

(b) Wash twice in Bond wash solution.
(c) Incubate for 5 min at RT with fresh Bond wash solution.

2. Antigen rescue. This step is performed using the Vision

Biosystems instrument.
(a) Rinse the slide twice with Bond ER1 solution.

(b) Add fresh citrate buffer (pH 6) and heat to 100°C, hold-
ing that temperature for 10 min.

(c¢) Cool the slide to RT in the citrate solution for 12 min.

(d) Rinse the slide three times with Bond wash solution, then
add fresh Bondwash, and incubate for 3 min at RT.

. Stain with primary monoclonal biotinylated anti-y-H2AX

antibody JBW301 (working concentration is 10 pug/mL in
Bond diluent) (see Note 18).

(a) Rinse the slide three times with Bond wash solution.

(b) Apply primary antibody twice with 30-min incubation at
RT both times.

(¢) Rinse the slide two more times with Bond wash, 5 min per
change.

. Develop with streptavidin—Alexa Fluor-488 conjugate (work-

ing concentration is 10 ug/mL in Bond diluent).
(a) Add the conjugate and incubate for 30 min at RT.
(b) Rinse the slide twice with Bond wash, 5 min per change.

(c) Rinse the slide with deionized water, 5 min per change.

. Rinse in 0.05% Tween—PBS twice, 5 min per change.
6. Apply mounting medium with DAPI and coverslip the slide

while it is still wet.

(a) A semi-permanent mount is created by sealing the edges
of the coverslip with nail polish.

(b) Keep the slides in the dark at 2-8°C for a few hours
before imaging. Long-term storage (30 days) at —-80°C is
possible, although we often observe a rise in background
fluorescence over time (see Note 19).

. Perform this step in the phase-contrast mode on a Leica

DM5000 microscope (see Note 20) that is equipped with the
Retiga 2000R monochrome camera. Calibrate the camera
using the auto white-balance function on a section of tissue
lacking cells; for H&E stained slides, use Retiga Liquid
Crystal RGB color filter.

. Image and analyze at least three fields per needle biopsy section,

and many more for larger tissue pieces.



3.4.8. Image Analysis

v-H2AX Detection in Peripheral Blood Lymphocytes, Splenocytes 267

Quantitative analysis of the acquired images can be performed in
several ways; however, there are limitations imposed by the nature of
the tissue being analyzed, specifically the thickness of the specimen
(see Note 21).

1.

Observe the nuclear staining and view any evidence of cyto-
plasmic staining as artifactual background (generally charac-
terized as a diffuse green stain). Compensate for this background
by decreasing the exposure time of the camera.

. Perform quantitation at 200x, where there is essentially one

plane of focus, and use a high resolution camera to allow
higher magnification of the image on the computer screen.

4. Notes

. Similar equipment with the mentioned capabilities can be

used throughout.

. The use of a fixed rotor is not recommended because follow-

ing centrifugation, paraformaldehyde-fixed cells tend to stick
to the side of the tube, which may result in cell loss.

. Human peripheral blood lymphocytes were obtained from

healthy donors by venipuncture from the NIH blood bank in
accordance with NIH regulations. Mouse peripheral blood
lymphocytes were obtained by cardiac puncture; mouse sple-
nocytes and bone marrow cells were properly collected at the
time of mouse sacrifice, according to standard operating pro-
cedures employed by SAIC-Frederick.

. Fixed cells can be stored in PBS overnight at 4°C before

spotting on slides and immunostaining.

. The same procedure is used to prepare difterent cell types for

fixation, cytospining, and immunostaining.

. Cytospin specimens on slides can be stored overnight (up to

a week) in 70% ethanol by placing the jar at 4°C.

. To hold a small volume of solution on the cytospin prepara-

tions, use a Pap Pen to draw a waterproof circle around the
samples. This allows the use of as little as 100 pL of solution
per slide.

. Once the slides have been stained with the fluorescent probe,

they should be kept out of sunlight and viewed in rooms with
minimal overhead fluorescent lighting. The slides can be
stored at -20°C for several months.

. If fewer cells are used, use 1.5-mL Eppendorf tubes instead

of 15-mL conical tubes to facilitate the visualization of the
pellets resulting from the centrifugation steps.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

The specimens can be stored in 70% ethanol by placing the
tubes at 4°C for several days but less than a week.

It v-H2AX fluorescence intensity is important, the FL1-H
channel should be switched into logarithmic mode and the
FL1-H voltage adjusted to set up the cells between 10° and 10"

This protocol can be adapted for many other cell types.
However, lower cell concentrations should be used because
too much extracted DNA might prevent proper electropho-
resis. This problem, however, can be overcome by sonicating
the samples.

Boiled samples can be stored at 4°C for few days. If stored,
the samples should be boiled again before the SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) step.

The primary antibody reaction can be done at RT for 1 h.
The primary antibody reaction can also be done using a
hybridization bag (SealPak pouches, KAPAK, Minneapolis,
MN) instead of a 50-mL conical tube.

The method of selecting sections for mounting on slides
and staining will promote evaluation of non-overlapping
fields of the tumor for y-H2AX analysis, while the H&E
section will overlap both fields, aiding in orientation and
interpretation.

We place several biopsies into a single paraffin block to control
staining variability within a treatment group. For example, all
specimens from vehicle-treated xenograft specimens could be
stained in a single block.

Topotecan is an efficient upregulator of y-H2AX in many
human tumor cell lines and xenografts, with optimal sampling
time being 14 h after drug injection, with the maximum sig-
nal at 1 h post-injection; for skin biopsies, the optimal sampling
time is somewhat later due to a lag associated with distribution,
with maximum signal reached at 4 h post-dosing. We evaluate
skin effects by counting the number of positive nuclei per
hair follicle.

When dealing with critical reagents such as streptavidin—Alexa
Fluor-488 and biotinylated JBW301, it is advantageous to
order custom-made lots of material with lot-specific custom-
made antibodies. This approach decreases assay variability
due to lot-to-lot performance ditferences. These lots can be
aliquoted and stored at -80°C for up to a year. Preferred stor-
age for primary antibodies is in 50% glycerol and buffer
according to the manufacturer’s specification.

It is best to store the slides at 2-8°C overnight after addition
of the Prolong Gold /DAPI mounting medium to allow per-
meation of all nuclei.
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20. The use of phase to select fields for image analysis has two
advantages: (a) fields that have multiple cells and are phase
dense are selected; (b) selection of fields is now semi-random,
i.e., not based on the expected signal, limiting experimental
bias. Other imaging systems (camera, softwares, etc.) can be
used but will need further optimization by the users.

21. A 5-um thick section has many planes of focus at high magni-
fication, making analysis either visually or by imaging soft-
ware challenging. Tumor sections have multiple overlapping
nuclei, also making quantitation a challenge. At early time-
points after drug exposure (1-2 h), it is possible to count foci
in nuclei. However, many nuclei will have progressed to a
dispersed y-H2AX signal by 2 h post-dosing, and there will be
only rare distinct foci at 4 h post-dosing. A more useful
approach is to count the number of positive nuclei in a field.
When analyzing skin biopsies, we have documented that scor-
ing the three most positive hair follicles per tissue section
gives representative and reproducible results across treatment
groups and experiments performed with topoisomerase 1
inhibitors. Finally, it is possible to train a computerized imag-
ing system to analyze images using nuclear area algorithms,
normalizing the y-H2AX green channel fluorescence to the
co-localized DAPI blue channel fluorescence.
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Chapter 19

Immunologic Detection of Benzo(a)pyrene-DNA Adducts

Regina M. Santella and Yu-Jing Zhang

Abstract

The binding of chemical carcinogens to DNA is well established as the initiating step in the process of
carcinogenesis. While early studies in animals or cells in culture took advantage of radiolabeled model
carcinogens such as benzo(a)pyrene, interest in measuring DNA damage levels in humans necessitated
the development of alternative methods. Among these, immunologic methods using polyclonal or mono-
clonal antibodies to carcinogen—DNA adducts have proven extremely useful in monitoring human expo-
sure as well as being applicable to animal and cell culture studies. Here we describe the use of antibodies
for immunohistochemical analysis of tissue sections, biopsies, or intact cells and for quantitation of
carcinogen binding in DNA isolated from blood and tissues by enzyme-linked immunosorbent assays.

Key words: DNA adducts, Immunohistochemistry, Polycyclic aromatic hydrocarbons, Benzo(a)
pyrene, Benzo(a)pyrene diol epoxide, DNA adducts, Immunofluorescence, Immunoperoxidase

1. Introduction

It is well established that carcinogen binding to DNA is the initi-
ating step in the process of carcinogenesis. Numerous studies
have investigated the formation of DNA adducts in tissues of ani-
mals treated ¢z vivo as well as in cell culture studies. Early studies
took advantage of radiolabeled carcinogens such as aflatoxin B, or
benzo(a)pyrene (BP) to determine levels of DNA damage by iso-
lation of DNA and quantitation of radioactivity. However, inter-
est in measuring DNA damage in humans necessitated the
development of alternative methods. Among these are immuno-
assays using polyclonal or monoclonal antibodies to particular
carcinogen—-DNA adducts. A limitation of this approach is that
the adduct must be well-characterized and it must be possible to
synthesize an immunizing antigen. For DNA adducts, two types
of antigens have been used (1). DNA can be highly modified
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(>1%) and then complexed with methylated bovine serum albumin
before injection in an adjuvant. Lower modification levels in the
DNA tend not to be antigenic. Alternatively, the monoadduct in
the ribose form can be coupled to a carrier protein through the
adjacent hydroxides on the sugar. Once a specific and sensitive
antibody has been developed, it can be used both in competitive
enzyme-linked immunosorbent assays (ELISA) on DNA isolated
from blood or tissue samples (2) and for immunohistochemical
studies of adducts in intact tissues, exfoliated buccal or bladder
cells, or white blood cells (3-5).

While a number of antibodies have been developed against
DNA adducts, here, we concentrate on those recognizing the pri-
mary DNA adduct formed in humans by exposure to BP. In vivo
metabolism of BP by the cytochrome P450 and epoxide hydrolase
enzymes results in the generation of a highly reactive diol epoxide
(7B,8a-dihydroxy-9a,100-epoxy-7,8,9,10-tetrahydrobenzo(a)
pyrene (BPDE-I)) that binds to DNA. Both polyclonal (6) and
monoclonal (7) antibodies have been developed that recognize
BPDE-DNA, but only the monoclonal antibodies are commer-
cially available. While the antibodies have been validated against
radioactive measurement of DNA damage levels, these studies
were done with cells treated in culture with [*H]BP (8). It was
later learned that both the polyclonal and monoclonal antibodies
recognize the DNA adducts of several other polycyclic aromatic
hydrocarbon (PAH) diol epoxides in addition to that of BP, includ-
ing those from chrysene and benzanthracene (9, 10). The affinity
constants for these different structurally similar diol epoxide
adducts differ from that for BPDE-DNA.

Humans are exposed to complex mixtures of PAH that difter
in their levels of specific compounds depending upon the source of
exposure. Many of these PAHSs can be metabolized to diol epoxides
and bind to DNA. Since they will all be recognized by the antibody
to BPDE-DNA but with different affinities, absolute adduct levels
cannot be determined. However, measurement of this class of
adducts as a whole is still a useful marker of exposure.

Thus, a major limitation of the immunohistochemical method
for detection of PAH-DNA adducts is that only a semiquantita-
tive estimation of adduct levels can be obtained. Attempts have
been made to obtain more quantitative data by treating cells in
culture with various amounts of [*H]BP and determining adduct
levels by radioactivity (11). Then, aliquots of the radiolabeled
cells can be stained at the same time the test samples are stained
and a standard curve of relative staining intensity versus adduct
level generated based on radioactivity. This standard curve can be
used to estimate adduct levels in the test samples using the rela-
tive staining intensity, but only if they solely contain BP adducts.

Described here are immunofluorescence and immunoperoxi-
dase methods for the detection of BPDE-DNA adducts in frozen
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or paraffin tissue sections or slides containing smeared cells. With
appropriate microscopes for quantitation of staining, relative
staining intensity can be determined and adduct levels between
samples compared. When used on biological samples from humans
with exposure to complex mixtures of PAH, the assay is a general,
semiquantitative indicator of total PAH-DNA adducts but can-
not provide absolute adduct levels. The major advantages of the
immunohistochemical method for DNA adduct detection are the
elimination of the need to isolate DNA and the applicability to
very small amounts of sample.

2. Materials

2.1. Sample
Preparation

2.2. Immunoperoxidase
Detection

As indicated, some of the following reagents are needed specifi-
cally for the preparation of smeared, frozen or paraffin samples.

1. Precoated slides (Superfrost,/Plus Microscope Slides Precleaned,
Fisher Scientific, Pittsburg, PA)

. Methanol

. Acetic Acid

. Acetone

. 100, 95, and 70% ethanol

. Xylene (see Note 1)

. ImmEdge Pen (Vector Laboratories Inc., Burlingame, CA)

0NN O\ Ul W

. Tissue-Tek® O.C.T. Compound (Electron Microscope
Sciences, Hatfield, PA)

1. Phosphate buffered saline (PBS): prepare 10x stock with
1.37 M NaCl, 27 mM KCI, 100 mM Na,HPO,, 18 mM
KH,PO,, pH 7.4. Autoclave before storage. Prepare working
solution by dilution of one part with nine parts of water.

2. Tris buffer: 10 mM Tris-HCIL, 1 mM EDTA, pH 7.5.

3. RNase: 100 pg/mL in Tris buffer (R6513, Sigma-Aldrich,
St. Louis, MO).

4. Proteinase K: 10 pg/mL in Tris buffer (P6556, Sigma-Aldrich,
St. Louis, MO).

. HCI: 4 N HCl.
. Tris base: 50 mM Trizma®.
. 1% Triton X-100 in PBS.

. Blocking solution: ABC kit (Vectastain Elite Mouse IgG ABC
Kit, PK-6102, Vector Laboratories Inc., Burlingame, CA).

9. Hydrogen peroxide: 0.3% in methanol, made fresh daily.

o N O v
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2.3. Immunofluores-
cence Detection

10.

11.

12.

13.

14.
15.

1.

Primary antibody: 5D11 generated against BPDE-I-DNA
(7). Available from Santa Cruz Biotechnology, Trevigen,
Hycult Biotechnolgy bv, GenWay Biotech, Cell Sciences, and
ABR-Affinity BioReagents. Prepare according to recommen-
dations (see Note 2).

Secondary antibody: ABC kit (Vectastain Elite Mouse IgG
ABC Kit, PK-6102, Vector Laboratories Inc., Burlingame,
CA). Prepare according to the manufacturer’s instructions.
ABCreagent: ABC complex solution from ABC kit (Vectastain
Elite Mouse IgG ABC Kit, PK-6102, Vector Laboratories
Inc., Burlingame, CA). Prepare according to manufacturer’s
instructions 30 min before use.

Diaminobenzidine (DAB) reagent: (Vectastain DAB Kkit,
SK-4100 Vector Laboratories Inc., Burlingame, CA) (see Notes
3and 4).

Harris hematoxylin.

Permount.

PBS: prepare 10x stock with 1.37 M NaCl, 27 mM KCI,
100 mM Na,HPO,, 18 mM KH,PO,, pH 7.4. Autoclave
before storage. Prepare working solution with by dilution of
one part with nine parts of water.

. Tris bufter: 10 mM Trizma® (T1503, Sigma-Aldrich, St. Louis,

MO), 1 mM EDTA, 0.4 M NaCl, pH 7.5.

. RNase: 100 pg/mL in Tris buffer (R6513, Sigma-Aldrich,

St. Louis, MO).

. Proteinase K: 10 pg/mL in Tris buffer (P6556, Sigma-

Aldrich, St. Louis, MO).

. HCl: 4 N HCL.

6. Tris base: 50 mM Trizma® (T1503, Sigma-Aldrich, St. Louis,

MO).

7. Blocking buffer: 1.5% goat serum (v/v) in 1x PBS.

10.

11.

. Primary antibody: 5D11 generated against BPDE-I-DNA

(7). Available from Santa Cruz Biotechnology, Hycult
Biotechnology bv, Trevigen, GenWay Biotech, Cell Sciences,
and ABR-Affinity BioReagents. Dilute according to recom-
mendations (see Note 2).

. Goat anti-mouse 1gG conjugated to fluorescein isothiocyanate

(FITC) (ICN Pharmaceuticals, Inc. Aurora, OH) (see Notes
2 and 5).

DAPI: 4',6-diamidino-2-phenylindole (DAPI) 1 ug/mL in PBS
(Polysciences, Warrington, PA) (see Note 5).

ProLong Antifade Kit (P7481, Invitrogen, Carlsbad, CA).
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3. Methods

3.1. Sample
Preparation

3.2. Immunoperoxidase
Detection

Frozen or paraffin sections can be stained as well as smeared cells
such as buccal or white blood cells. Frozen sections and smeared
cells are air dried and fixed in cold methanol and acetic acid (3:1)
solution for 5 min (4°C) followed by cold acetone (4°C) for an
additional 5 min, and then air dried before staining.

Paratfin-embedded sections must be deparatfinized before

staining. Do not allow the slides to dry at any time during this

procedure.

1. Melt paraffin in 54-58°C incubator for 40 min—1 h.

2. Transter the slides into Coplin jar with xylene and incubate
for 3x5 min at room temperature (see Note 6).

3. Transfer the slides into Coplin jar with 100% ethanol for
2 x5 min at room temperature.

4. Transfer the slides into Coplin jar with 95% ethanol for
2 x5 min at room temperature.

5. Transfer the slides into Coplin jar with 70% ethanol for
2 x5 min.

6. Wash the slides in water for 5 min twice.

Use ImmEdge Pen to outline sample on the slide.

1.

Wash the slides with 1x PBS in Coplin jar on a shaker for 5 min,
twice.

. Place the slides in a covered slide holder, add sufficient RNase

solution to cover cells or sections, and incubate for 1 h at
37°C in a covered humidified chamber.

. Wash the slides with 1x PBS in Coplin jar on a shaker for 5 min,

twice.

. Place the slides in a covered humidified chamber, add protei-

nase K solution to cover cells or sections, and incubate for
10 min at room temperature.

. Wash the slides with 1x PBS in Coplin jar on a shaker for 5 min,

twice.

. After treatment, check the slides under the microscope to

ensure cells remain intact.

. Denature DNA by treatment with 4N HCI for 10 min at

room temperature.

. Add 50 mM Tris base solution in Coplin jar to neutralize for

5 min at room temperature.
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3.3. immunofluores-
cence Detection

9.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.
25.

Wash the slides with 1x PBS in Coplin jar on a shaker for 5 min,
three times.

Incubate the slides with 0.3% H,O,-Methanol for 30 min at
room temperature to quench endogenous peroxidase activity.

. Wash the slides with 1x PBS in Coplin jar on a shaker for

5 min, three times.

Add blocking solution from ABC kit prepared as described by
the manufacturer and incubate for 45 min at 37°C in a cov-
ered humidified chamber.

Remove the blocking solution, add primary antibody 5D11
diluted in the blocking solution to cover cells or sections, and
incubate overnight at 4°C in a covered humidified chamber.

The following day, wash the slides with 1x PBS in Coplin jar
on a shaker for 5 min, three times.

Add biotinylated secondary antiserum (ABC kit) and incu-
bate for 30 min at room temperature in a covered humidified
chamber.

Add ABC reagent (ABC kit) and incubate for 30 min at room
temperature in a covered humidified chamber.

Wash the slides with 1x PBS in Coplin jar on a shaker for 5 min,
three times.

Rinse the slides withl% Triton X-100 for 30 s at room
temperature.

Wash the slides with 1xPBS in Coplin jar for 5 min, three
times.

Add freshly prepared DAB solution (DAB kit) and incubate
for 2—6 min at room temperature.

. Wash the slides in tap water in Coplin jar for 5-10 min, three

times.

If desired, counterstain with Harris-hematoxylin solution for
1 min.

Dehydrate the slides with a series of ethanol solutions: 70%
ethanol for 5 min, 95% ethanol for 5 min, two times, and
100% ethanol for 5 min, twice.

Clean with xylene for 5 min, three times.

Mount the slides with Permount. Be sure to clean the slides
with xylene to remove excess Permount.

. Wash slides with 1x PBS in Coplin jar on a shaker for 5 min,

twice.

. Place the slides in a covered humidified chamber, add suffi-

cient RNase solution to cover cells or sections, and incubate
for 1 h at 37°C.



11.

12.

13.

14.

15.

16.
17.
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. Wash the slides with 1x PBS in Coplin jar on a shaker for

5 min, twice.

. Place the slides in a covered holder, add proteinase K, and

incubate for 10 min at room temperature.

. Wash the slides with 1x PBS in Coplin jar for 5 min, twice.

. After treatment, check the slides under the microscope to

ensure cells remain intact.

. Denature DNA by treatment with 4N HCI for 10 min at

room temperature.

. Add 50 mM Tris base solution in Coplin jar to neutralize for

5 min at room temperature.

. Wash the slides with 1x PBS in Coplin jar for 5 min, twice.
10.

Add blocking solution (10% normal goat serum in PBS) and
incubate for 45 min at 37°C in a covered humidified chamber.

Remove the blocking solution, add primary antibody 5D11
diluted in the blocking solution to cover cells or sections, and
incubate overnight at 4°C in a covered humidified chamber.

The following day, wash the slides with 1x PBS in Coplin jar
for 5 min, twice.

Add FITC-labeled secondary antiserum (1:150 dilution in
blocking buffer) and incubate for 45 min at 37°C in the dark
to prevent fading (see Note 5).

Wash the slides with 1x PBS in Coplin jar for 5 min, twice.

Counterstain with DAPI, for 10 min at room temperature in
the dark (see Note 5).

Wash the slides with 1x PBS in Coplin jar for 5 min, twice.

Add cover glass with antifade solution.

4. Notes

. Xylene is a hazardous volatile chemical and must be used in a

fume hood.

. It may be necessary to titrate the primary or secondary anti-

body to determine which dilution provides the strongest signal
with least background. This can be done using positive and
negative controls, such as cells treated in culture with or with-
out BP. However, cells must have a functioning cytochrome
P450 system to activate BP to the reactive compound, BPDE.
Alternatively, BPDE can be used to treat cells directly. It can be
purchased from NCI’s Chemical Carcinogen Repository
(Chemical Carcinogen Reference Standard Repository, Kansas
City, MO). BPDE is a highly reactive chemical carcinogen and



must be handled with care. It hydrolyses rapidly in aqueous
solutions to the non-hazardous BPDE-tetrol.

. DAB is a suspected carcinogen. Care should be taken in

. In the presence of nickel ions, the precipitate formed by DAB

is purplish blue rather than brown. Use of nickel may enhance
sensitivity of staining. DAB Substrate Kit (Vector Catalog

. FITC and DAPI are light sensitive and should be kept in the

dark. Diluted solutions should not be stored for reuse.

. A series of Coplin jars should be set up for each step (e.g., three

jars with xylene) and the slides serially transferred from one jar
to the next. Solutions should be changed every 300-500 slides.
But if not used extensively, the solutions should not be kept

Poirier, M.C., Santella, R.M., Weinstein, I.B.,
Grunberger, D., Yuspa, S.H. (1080) Quantitation
of benzo[a]pyrene-deoxyguanosine adducts
by radioimmunoassay. Cancer Res. 40,412—416.

Santella, R.M., Lin, C.D., Cleveland, W.L.,
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3
handling and disposing.
4
No. SK-4100) contains nickel chloride.
5
6
for more than 1 month.
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Chapter 20

Non-invasive Assessment of Oxidatively Damaged DNA:
Liquid Chromatography-Tandem Mass Spectrometry
Analysis of Urinary 8-0xo-7,8-Dihydro-2’-Deoxyguanosine

Vilas Mistry, Friederike Teichert, Jatinderpal K. Sandhu, Rajinder Singh,
Mark D. Evans, Peter B. Farmer, and Marcus S. Cooke

Abstract

The ability to non-invasively assess DNA oxidation and its repair, has significant utility in large-scale,
population-based studies. Such studies could include the assessments of: the efficacy of antioxidant inter-
vention strategies, pathological roles of DNA oxidation in various disease states and population or interin-
dividual differences in antioxidant defence and DNA repair. The most popular method, to non-invasively
assess oxidative insult to the genome is by the analysis of urine for 8-oxo-7,8-dihydro-2'-deoxyguanosine
(8-0x0dG), using chromatographic techniques or immunoassay procedures. The provenance of extracel-
lular 8-oxodG remains a subject for debate. However, previous studies have shown that factors, such as
diet and cell death, do not appear to contribute to extracellular 8-oxodG, leaving processes, such as
the repair of DNA and/or the 2’-deoxyribonucleotide pool, as the sole source of endogenous 8-oxodG.
The method in this chapter describes a non-invasive approach for assessing oxidative stress, via the efficient
extraction of urinary 8-oxodG using a validated solid-phase extraction procedure. Subsequent analysis
by liquid chromatography-tandem mass spectrometry provides the advantages of sensitivity, internal stan-
dardisation, and robust peak identification, and is widely considered to be the “gold standard”.

Key words: Oxidative stress, DNA damage, DNA repair, Chromatography, Solid phase extraction,
Urine, Liquid chromatography, Mass spectrometry

1. Introduction

Methods for high throughput, non-invasive assessment of DNA
oxidation have potentially wide applications in a basic or applied
biological science context, but would also facilitate transfer of such
analyses to a clinical setting. The most widely measured product
of DNA oxidation is 8-o0xo0-7,8-dihydro-2'-deoxyguanosine
(8-0x0dG) (1). Although 8-0xodG has been examined in various

Vladimir V. Didenko (ed.), DNA Damage Detection In Situ, Ex Vivo, and In Vivo: Methods and Protocols,
Methods in Molecular Biology, vol. 682, DOI 10.1007/978-1-60327-409-8_20, © Springer Science+Business Media, LLC 2011
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extracellular matrices, e.g., serum, saliva and faecal matter, urine
remains by far the most widely examined matrix (2), providing a
non-invasive biomarker of oxidative stress, with a number of
advantages over other biomarkers of oxidative stress. Being non-
invasive, the assay represents less of an ethical issue than, for example,
blood-based assessments of oxidative stress, in particular when
sampling from vulnerable groups is required. Many of the issues
of adventitious damage, associated with the study of cellular
8-0x0dG (3), are circumvented by the analysis of urine. Urine is
easily collected, transported, and stored, with 8-oxodG reported to
be stable in urine, ~20°C, for over 10 years (4). No special storage
conditions are required, for example, no preservatives are neces-
sary, which makes previously collected samples eminently suitable
for analysis. Compared to blood, for example, large volumes of
urine can been collected, allowing multiple analyses to be per-
formed on the same sample, providing greater information.

There are many reports of the analysis of urinary 8-oxodG in
various populations and pathologies. These analyses have been
performed despite a lack of understanding of the precise source(s)
of this lesion in extracellular matrices (5). This area remains under
close scrutiny, in our laboratory and others, with DNA repair, cell
turnover and diet considered the major potential sources of uri-
nary 8-oxodG, however, emerging data are increasingly ruling out
the significance of the latter two sources (6, 7). Concerning the
repair origins for 8-oxodG, the most likely source would be the
activity of the Nudix hydrolases activity (e.g. NUDT1 (MTHI)
whose product, 8-oxodGMP, following dephosphorylation, yields
8-0xodG (8)). Thus, there is potentially more biological meaning
to urinary 8-oxodG to be discovered, besides simply being a
marker of nucleic acid oxidation (9). As 8-oxodG is a marker for
oxidative stress, and can be detected in abundance (10), it can be
used to monitor disease processes, such as ageing (9), cancer (11),
and cardiovascular disease (12).

The two major analytical approaches that have been used to
examine urinary 8-oxodG are chromatography and immunoassay.
Each method has its own advantages and disadvantages. The more
complex technology, costs, user training, and lower throughput of
the former are outweighed by their more rigorous separation and
compound identification capabilities. In contrast, immunoassay
has higher sample throughput potential, requires less user training
and capital outlay for equipment, but potentially suffers from a
lack of specificity and requires the availability of sufficient amounts
of appropriately characterised antibodies. The chromatographic
analysis of urinary 8-oxodG has, to date, largely been undertaken
using HPLC coupled with electrochemical detection, in most
cases using column switching devices to provide effective sample
clean-up (2). Gas-chromatography mass spectrometry (GC-MS)
following HPLC pre-purification of urine has also received
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increasing attention, not least as it allows the examination of a
wide range of damage products (13, 14). More recently, HPLC
coupled to tandem mass spectrometry (LC-MS/MS) has gained
popularity and appears to be the method of choice for the analysis
of 8-oxodG, and in time, other lesions, in urine (15, 16). The
procedure described here is based on the methodology reported
by Teichert et al. (17) which involves the solid-phase clean-up of
urine prior to LC-MS/MS analysis. The procedure, avoids the
need for derivatisation of 8-oxodG as encountered with GC-MS
and provides good separation of the urinary extract, showing suf-
ficient sensitivity while retaining the advantage of mass selectivity
for more rigorous sample identification.

2. Materials

2.1. Synthesis

of Isotopically
Labelled 8-oxodG
{["°N,] 8-oxodG}

2.2. Purification
of [N, ] 8-oxodG

1. Water (see Note 1).

2. [15N5]—2’—deoxyguanosine (>98% 1°N; Spectra Stable Tsotopes,
Columbia, MD, USA).

3. Reaction buffer: 20 mM sodium phosphate bufter, pH 7.0,
Chelex-treated. For Chelex treatment, add 0.05 g Chelex®-100
resin (Biotechnology grade, 00-20 mesh, sodium form, Bio-
Rad, cat. no. 143-2832) per millilitre buffer, stir for 1 h, allow
the resin to settle, and then decant carefully the buffer into a

fresh container. Alternatively, pellet the resin by centrifugation
and decant the buffer. Store buffer at 4-6°C until needed.

4. Copper sulphate, 20 mM, dissolved in water. This reagent can
be stored for several weeks at 4°C.

5. Sodium ascorbate, 170 mM, dissolved in water. This reagent
should be prepared immediately before use and not stored.

6. Hydrogen peroxide: 30% v/v solution, use straight from the
bottle as supplied.

7. Catalase: dissolve 1 mg catalase (bovine liver; 10,700 units/mg
solid; Sigma cat. no. C-40) per 1 mL of Chelex-treated, 20 mM
phosphate butfer, pH 7.0. Prepare in sufficient quantities and
use it on the same day.

1. HPLC system capable of mobile phase flow rates of at least
5 mL/min and with a UV-visible diode array detection
facility.

2. Centrifugal vacuum evaporator (speedvac) or freeze drier.

3. UV-visible spectrophotometer.

4. HPLC column: Columbus, 5 uM C, semi-preparative column,
250x 10 mm (Phenomenex, Macclesfield, UK).
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2.3. Urine Collection,

5. Mobile phase: 10% (v/v) methanol in ultrapure water or
commercially obtained HPLC-grade water.

6. Standard solutions of 2'-deoxyguanosine (dG) and 8-oxodG
(Sigma Chemical Co., Poole, UK, cat. no. D7145 and
H5653, respectively), 50 uM prepared in 10% (v/v) metha-
nol in water (mobile phase). Alternatively, more concentrated
stocks can be prepared in water and diluted to 50 pM using
the mobile phase.

1. Vacuum manifold (see Note 2), pump, and trap.

Creatinine Analysis, 2. Plate reader for 96-well plates, with filter for measurements at

and Solid Phase 490 nm.

Extraction 3. ["*N,]8-0x0dG - synthesised in house, or obtained commer-
cially (e.g. Cambridge Isotope Laboratories, ['*N,]8-oxo-2'-
deoxyguanosine, cat no. NLM-6715).

4. Deionised water.

5. HPLC grade water.

6. HPLC grade methanol.

7. HPLC grade acetonitrile.

8. Solid-phase extraction columns: Waters Oasis HLB, 1 cm?,
30 mg (Waters Ltd., Elstree, UK).

2.4. LC-MS/MS 1. LC-Tandem mass spectrometry system (see Note 3).

Analysis of Urine 2. Synergi Fusion-RP 80A C18 (4 um, 250 x2.0 mm) attached

Extracts to a Synergi Fusion-RP 80A C18 (4 mm, 4.0x2.0 mm) guard
column and KrudKatcher disposable pre-column (0.5 mm)
filter (Phenomenex, Macclesfield, Cheshire, UK).

3. Mobile phase: 0.1% aqueous acetic acid: methanol (85:15, v/v).
4. Standard 8-0xodG tuning solution: (10 pmol/uL) 8-oxodG
dissolved in mobile phase.

3. Methods

The use of isotopically labelled 8-oxodG is critical to this proce-
dure, to account for sample recovery and any instrumental differ-
ences in the ionisation of samples from one run to the next during
the process of electrospray ionisation. We have synthesised our
own isotopically labelled 8-oxodG, based on the method previ-
ously reported by Singh et al. (18), however, this compound
can now be obtained commercially (see Subheading 2.3). We
report the synthesis procedure for the benefit of those labora-
tories that, for whatever reason, may wish to make their own
standard.



3.1. Synthesis
of ["°N, ]8-oxodG

3.2. Purification
of [°N, ]8-oxodG

3.3. Urine Collection
and Creatinine
Analysis

3.4. Solid Phase
Extraction
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. Prepare a 1 mg/mL solution of ["*N,]dG in Chelex-treated,

20 mM sodium phosphate buffer, pH 7.0.

. To the ["*N,]dG solution add, sequentially and rapidly, vor-

texing between additions, copper solution, sodium ascorbate,
and hydrogen peroxide (final concentrations, 1.2, 10, and
370 mM, respectively).

. Incubate the reaction mixture at ambient temperature for

20 min (see Note 4), followed by the addition of 300 pL
catalase solution.

. The reaction mixture can be frozen at -20°C, or preferably

-80°C, at this point if required.

. Purification of [N, ]8-0xodG is performed by HPLC using

sequential injections of the reaction mixture onto the semi-
preparative HPLC column. The mobile phase flow rate is
5 mL/min. Verification of 8-oxodG (and dG) retention time
is performed by preliminary injection of unlabelled standards
(see Note 5). Eluting peaks are monitored by UV absorption
at 245 and 254 nm, for 8-oxodG and dG, respectively.

. Collect fractions at the appropriate retention time (see Note 6)

and dry in a speedvac or freeze-drier. Dried material is then
reconstituted by thorough vortexing in 1 mL water, and
reconstituted aliquots are then pooled and dried once more.

. Dried material is reconstituted by thorough vortexing in 0.5

or 1 mL water.

. Final quantification is performed by determining the con-

centration of 8-oxodG by UV absorbance at 245 nm,
€=12,300 Mcm™ (see Note 7).

. Aliquot concentrated material and store at —~80°C. Aliquots of

concentrated material can be diluted, further aliquotted and
stored at —80°C as desired. A working solution of 2.0 pmol /uL.
is appropriate for routine urinary 8-oxodG analysis.

. Collect spot urine samples from subject groups. Samples are

usually early morning, first void, midstream urine sample
(see Note 8). Samples can be stored at =20 or —-80°C until
analysis, without significant degradation of the analyte (4).

. Each urine should be analysed for creatinine concentration as

a normalisation factor. This may be done using a commer-
cially available colorimetric assay, based on the Jaffe alkaline
picrate method, in a 96-well plate format (Metra® Creatinine,
Quidel Corp., San Diego, CA, USA) (see Note 9).

. Centrifuge urine sample at 16,000 x4 for 10 min in a bench-

top microcentrifuge. A schematic overview of this procedure
is presented in Fig. 1.
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| Centrifuge urine 16,000 x g / 10 min

10 pmol SPE of 100 uL
0
[*Ng8-oxodG | urine "
895 pL ultra pure supernatant

water l

1 mL Methanol ; 1 mL 80% (v/v)
1 mL Urine 1 mL HPLC - OV
1 mL HPLC —_— sample — grade water . acetonitrile in HPLC
grade water
grade water

l | | |

Dry sample
Reconstitute in 50 pL HPLC
grade water

l

LC-MS/MS analysis
[*5N5]8-0x0dG (m/z 289 to 173)
Recovery >90% 8-0x0dG (m/z 284 to 168)

| Urine creatinine content |

pmol 8-oxodG/umol creatinine

Fig. 1. Summary of solid-phase extraction procedure and LC-MS/MS analysis.

2. To 100 pL urine supernatant, in a 1.5 mL Eppendorf tube,
add 5 pL of 2.0 pmol/uL [*N,]8-0xodG (i.e. 10 pmol).
3. Make-up urine to 1 mL with deionised water and vortex to mix.

4. Use one SPE column per sample and dispose after use (see
Note 10).

5. Pre-condition column packing material as follows, with vacuum
applied, run liquid to waste (see Note 11).

6. Mount HLB column on vacuum manifold.

7. Wet HLB column with 1 mL methanol. The flow rate should
be approximately 1 mL /min for all steps.

8. Prime HLB column with 1 mL HPLC grade water.

9. Pass diluted urine through the column, run to waste and dry
column under vacuum.

10. Wash unbound material from the column with 1 mLL HPLC

grade water, run to waste and dry column under vacuum.

11. Elute 8-0x0dG from column with 1 mL 80% (v/v) acetonitrile
in HPLC grade water, collecting eluent into an appropriately

labelled tube.

12. Either freeze eluent at this stage at —20°C, or -80°C, or proceed
immediately to drying of samples in a speedvac.



3.5. LC-MS/MS
Analysis of Urine
Extracts
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. The mass spectrometer is tuned using the standard 8-oxodG

tuning solution (see Note 12).

. Reconstitute dried urine extracts in 50 pL water with thorough

vortexing.

. Transfer reconstituted extracts into HPLC vials containing

low volume inserts and inject 10 pLL on to the analytical
column.

. The column is eluted isocratically with mobile phase at a flow

rate of 120 pL/min.

. Selected reaction monitoring (SRM) analysis is performed for

the [M+H]* ion to oxidised base [B+H,]* transitions of
8-oxodG (m/z 284 to 168) and the stable isotope internal
standard ["*N, ]8-oxodG (/2 289 to 173) (see Note 13).

. Quantification of 8-oxodG in each urine sample is determined

from the ratio of the peak area of 8-oxodG to that of the
internal standard in the same sample:

QanalA = <AanaL /Aistd.) X Qistd.

where Q and Q. correspond to the amounts (pmol) of
the analyte and internal standard respectively, and A, and

A, correspond to the peak areas of the analyte and i;;;‘tlérnal
standard, respectively. The quantity of 8-oxodG is then cor-
rected for creatinine content yielding final values of pmol
8-0xodG/umol creatinine. An example chromatogram is

shown in Fig. 2 (see Note 14).

1661 S8oxodG SRM

100 m/z 284 to 168
2

0 s

10.00 ' 20.00 ' 30.00 ' 40.00
18.62 [15N_]80x0dG SRM
100 ; 5
m/z 289 to 173

X

] IZNI N

10.00 ' 20.00 ' 30.00 ' 40.00

Fig. 2. Typical chromatograms, for the transitions m/z 289 to 173 and m/z 284 to 168 for
the stable isotope internal standard ['*N,]8-oxodG and 8-0xodG, respectively, obtained
from solid-phase extract of healthy human urine, using the procedure outlined in this
chapter.
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4. Notes

. Unless specified otherwise, throughout this procedure

“water” refers to ultrapure water with resistance >18.2 MQ
and the content of organic matter <5 ppb.

. A vacuum pump allows for better consistency and control of

vacuum, compared to a water aspirator, but the latter can be
used if a vacuum pump is not available.

. The LC-MS/MS instrument used will depend on the indi-

vidual laboratory performing this assay. The system used in
method development, which we continue to use, consists of a
Waters Alliance 2695 separations module connected to a
Micromass Quattro Ultima (Waters Ltd., Manchester, UK)
tandem quadrupole mass spectrometer with an electrospray
interface. Specific details regarding the operation of each
system are beyond the scope of this chapter.

. Incubation at 37°C, compared to room temperature, has a

negligible impact upon yield. Also, prolonging the incuba-
tion time does not appear to significantly modify the yield of
8-oxodG.

. In addition to retention time, the identification of 8-oxodG

is based upon on comparison of spectral properties [spectral
overlay and absorbance ratios (250,/260 nm; 280,/260 nm)
compared to the standard run under the HPLC purification
conditions] to authentic, commercially obtained unlabelled
standard. Further verification of stable isotope labelling,
product identity, and impurity of unlabelled material is done
by mass spectrometry. It is important to verify that labelled
material is in vast excess, such that any unlabelled material,
typically <2% of total material (depending on the exact
purity of the starting material) does not contribute to the
levels of endogenously measured 8-oxodG in each sample dur-
ing internal standardisation. Collectively, this information
should assure the user of purity and identity of the internal
standard.

. The majority of the material remaining at the end of the

reaction is ['*N_]dG. We collect this unmodified ['*N,]dG for
recycling in subsequent syntheses.

. Additionally, we determine the concentration using mass

spectrometry. This is done by injecting an appropriately
diluted sample of ['*N,]8-0xodG on to the LC-MS/MS
under the conditions used for urinary 8-oxodG analysis
(see Subheading 3.5). Such a sample also contains a known
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amount of accurately quantified unlabelled 8-oxodG.
Comparison of peak areas of labelled to unlabelled material
allows the quantification of the labelled standard.

. Spot urine samples can be used from other times of the

day; however, this may result in higher intra-individual
variability (19).

. We generally use a hospital routine Chemical Pathology

Service; however, the ELISA assay quoted in the protocol
yields creatinine concentrations that compare very favourably
with values obtained via an autoanalyser.

In our experience, processing more than three cartridges at
any one time leads to poor control of flow rate, but this
issue is probably dependent on the pump and manifold
used.

The Oasis HLB cartridges are designed to function even if
the column bed is allowed to dry out between steps. Leaving
the column bed wet confers no advantage in terms of the final
values obtained for urinary 8-oxodG.

In our laboratory, the 8-0xodG tuning solution is introduced
into the mass spectrometer by continuous infusion at a flow
rate of 10 pL/min with a Harvard model 22 syringe pump
(Havard Apparatus Ltd., Edenbridge, UK).

LC-MS/MS instrument parameters for the system used in
our laboratory — temperature of the electrospray source is
maintained at 110°C and the desolvation temperature at
350°C. Nitrogen gas is used as the desolvation gas (650 L/h)
and the cone gas set to zero. The capillary voltage is 3.20 kV,
and the cone and RF1 lens voltages are 42 and 30 V, respec-
tively. The collision gas is argon (indicated cell pressure
2.0x107% mbar) and the collision energy set at 12 eV. The
dwell time is 200 ms and the resolution was two /2 units at
peak base. Under these conditions, the limit of detection for
the optimised analysis of urinary 8-oxodG by LC-MS/MS
SRM on our system is 5 fmol on column (signal-to-noise
ratio, S/N,=4) for pure 8-oxodG standard.

Calculations should take any dilution or concentration factors
into account, e.g. urinary 8-oxodG level (pmol/pmol creati-
nine)=[(A4,_, /A,,)*2.0 pmolx5]/umol creatinine.

In our experience, <5% of samples analysed are likely to
have peaks that interfere with either the endogenous 8-oxodG
or the internal standard peaks. In the vast majority of cases,
where we have subjected these samples to re-extraction, the
issue of interfering peaks has been resolved.
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Chapter 21

Assessing Sperm DNA Fragmentation with the Sperm
Chromatin Dispersion Test

José Luis Fernandez, Dioleyda Cajigal, Carmen Lopez-Fernandez,
and Jaime Gosalvez

Abstract

The sperm cell has evolved to transmit a paternal haploid genome to the oocyte and form a new embryo.
Therefore, it is essential that the integrity of this genome be evaluated as part of the standard semen analy-
sis. The assessment of DNA fragmentation is consequently considered as an important parameter of sperm
quality. The Sperm Chromatin Dispersion (SCD) test is a simple, fast, and reliable procedure to determine
the frequency of sperm cells with fragmented DNA, and this may be confidently performed with the
Halosperm® kit. Unfixed sperm cells are immersed in an agarose microgel on a slide, incubated in an acid
unwinding solution that transforms DNA breaks into single-stranded DNA, and then in a lysing solution
to remove protamines. After staining, the spermatozoa without fragmented DNA shows nucleoids with
big halos of spreading of DNA loops, whereas those with fragmented DNA appear with a small or no halo.
This may be visualized using fluorescence microscopy or with the standard bright-field microscope, with-
out the requirement of more complex or expensive instrumentation. This procedure is very versatile, and
being a diffusion-like assay with only a lysis protocol, may be usefully adapted for other species. Moreover,
simultaneous determination of aneuploidies may be accomplished in the same sperm cell.

Key words: SCD, Sperm, DNA fragmentation, Fertility, Aneuploidy

1. Introduction

The standard analysis of human sperm quality in the clinic mainly
comprises the determination of sperm quantity and concentra-
tion, morphological abnormalities of head, midpiece and tail, and
motility (1).The essential purpose of the spermatozoa is the trans-
mission of a haploid genome from the male to the oocyte, but
current analysis seems mainly centred in the carrier, but not in the
content. Logically, given its relevance for fertility, the assessment
of the DNA integrity from the spermatozoa should be considered

Vladimir V. Didenko (ed.), DNA Damage Detection In Situ, Ex Vivo, and In Vivo: Methods and Protocols,
Methods in Molecular Biology, vol. 682, DOI 10.1007/978-1-60327-409-8_21, © Springer Science+Business Media, LLC 2011
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as an important new parameter to complement the conventional
semen analysis (2).

Several studies reveal that infertile males have a higher fre-
quency of sperm cells with DNA fragmentation than fertile controls.
Moreover, those samples of lower quality according to the stan-
dard seminal analysis, also tend to have a higher proportion of
spermatozoa with fragmented DNA (3-6). Nevertheless, some
individuals with normal standard parameters may show elevated
levels of sperm cells with DNA fragmentation. Furthermore,
studies performed in samples subjected to iz vitro fertilization
(IVF) and intracytoplasmatic sperm injection into the oocyte
(ICSI) demonstrate that the frequency of sperm cells with frag-
mented DNA in the sample may influence fertility, by negatively
affecting the fertilization rate of the oocyte, the embryo quality,
the blastocyst rate, the implantation rate and the pregnancy out-
come (7-11). Moreover, the assessment of sperm DNA integrity
is important as a complement to the study of sperm quality, pro-
viding relevant information in most andrological pathologies, as is
the case of varicocele (12), genital infections (13), or cancer (14).

Several techniques have been applied to analyze DNA frag-
mentation in spermatozoa, mainly the sperm chromatin structure
assay (SCSA), the terminal deoxynucleotidyl transferase-mediated
nick end labeling (TUNEL) or the iz situ nick translation (ISNT)
assays, and the single-cell gel electrophoresis (SCGE) or comet
assay (4, 5, 7, 10).These procedures cannot be performed rou-
tinely in the conventional semen analysis laboratory, since they
are complex, difficult to implement, time consuming, or relatively
expensive.

Recently, the Sperm Chromatin Dispersion (SCD) test has
been developed and is available as a kit (Halosperm®); this is a
very simple, rapid, and accurate procedure to determine sperm
DNA fragmentation in any basic laboratory (15). The sperm cells
are embedded in an agarose microgel on a slide, incubated in an
acid solution that denatures the DNA exclusively in those sper-
matozoa with fragmented DNA, and then in a lysing solution
that removes the protamines, so the DNA loops tightly packed in
the nucleus are spread producing DNA halos emerging from a
central core. After staining, the spermatozoa without fragmented
DNA show nucleoids with big halos of spreading of DNA loops,
whereas those with fragmented DNA appear with a small or
no halo.

Fluorescence In Sitw Hybridization (FISH) with labeled
DNA probes may be performed on the sperm cells previously
processed for the SCD test and immersed in the dried microgel
(16). This allows to determine the presence of DNA fragmenta-
tion and aneuploidy simultaneously in each the sperm cell, and to
study possible correlations between DNA fragmentation and
chromosomal abnormalities.
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2. Materials

2.1.5CD

2.1.1. Reagents
and Technical Equipment

2.1.2. Staining Solutions

2.1.2.1. Staining for
Brightfield Microscopy

2.1.2.2. Staining for
Fluorescence Microscopy

2.2. FISH

O 0 N N U R W

— =
— O

. Bright-field or epifluorescence microscope with appropriate

filters and objectives.

. 4°C fridge.

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

. Plastic gloves.

. Lancet.

. Glass slide covers (18 x 18 or 22 x22 mm).

. Micropipettes.

. Trays for horizontal incubations.

. Distilled water. Ethanol 100%.

. Microwave oven and fume hood.

. Halosperm kit® (Halotech DNA SL, Madrid, Spain; Con-

ception Technologies, San Diego, USA). The kit contains
coated slides, Eppendorf tubes with low-melting point aga-
rose, a tube with 1 mL of acid denaturation solution (HCI
0.08 N) and a bottle with 125 mL of lysis solution.

. Wright’s solution (Merck).

2. Phosphate buffer solution (PBS) pH 6.88 (Merck).

. Mounting medium: Eukitt® (Panreac).

. Fluorochromes for DNA staining.
. Antifading: Vectashield (Burlingame, CA).

. For assessing aneuploidy, a mix of directly labeled DNA probes

is usually employed for human alphoid centromeric regions of
X chromosome (DXZ1 Locus, SpectrumGreen labelled),
Y chromosome (DYZ3 locus, SpectrumOrange labelled), and
chromosome 18 (D18Z1 locus, SpectrumAqua labelled)
(Vysis, Inc., Downer’s Grove, IL). They are supplied with their
specific hybridization buffer, and with information on prepara-
tion, incubation, washing, and detection.

. Fixing solution: 10% formaldehyde in PBS pH 6.88.
. Washing of fixing solution: PBS.

4. Alkaline denaturing solution: NaOH 0.05 N in distilled

water.

. DNA probe washing solutions: 50% formamide/2x SSC,

pH 7 and 2x SSC, pH 7, both at 44°C.

. Ethanol baths 70, 90, and 100%.
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. Counterstaining-Antifading solution: DAPI (1 pg/mL) in

Vectashield. Store at 4°C, in the dark. DAPI is a potential
carcinogen.

3. Methods

3.1. Standard SCD
Procedure

3.1.1. Microgel Embedding
of Cell Suspension
(See Note 1)

3.1.2. Incubations
in Solutions

. While preparing the sperm sample, 10 mL of the lysing solu-

tion provided in the kit must be deposited in a tray with
dimensions slightly higher than that of a conventional glass
slide, and covered with aluminum foil, to be warmed at room
temperature (22°C), but avoiding light exposure.

. Dilute the semen sample in culture medium, sperm extender or

PRBS, to a concentration of 5-10 million per mL (see Note 2).

. An Eppendorf tube with low-melting point agarose which is

provided in the kit is put through a float. This float should be
at the level of the top of the tube. Then, the float is left in a
water bath at 90-100°C until the agarose dissolves, i.c., around
5 min. Alternatively, melt the agarose in a microwave oven.

. Transfer the agarose containing Eppendorf tube, with the

float, to a water bath at 37°C and leave for 5 min until the
temperature is even (see Note 3).

. Add 25 pL of the semen sample to the agarose Eppendorf

tube and gently mix with the micropipette, avoiding the pro-
duction of air bubbles.

. Deposit the cell suspension from the agarose Eppendorf tube

onto the coated side of a slide provided in the kit, and then
cover it with a glass coverslip, avoiding trapping air bubbles.
A drop of 14 or 20 pL for an 18 x 18 or 22 x22 mm coverslip,
respectively, is recommended.

. 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 aga-
rose to solidify.

. Prepare the acid denaturant solution while the slide is in the

fridge. For this purpose, mix 80 pL of the HCl solution from
the kit with 10 mL of distilled water, and place in an incubation
tray with dimensions slightly higher than that of the glass slide.

. Remove the coverglass by sliding it gently. Immediately

immerse the slide into the acid denaturation solution in a
horizontal position, leave it to incubate for 7 min at room
temperature (22°C) (see Note 4).

. Wearing gloves, pick up the slide with the help of a lancet and

immerse horizontally in the incubation tray containing 10 mL
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3.1.4. Sperm Analysis
and Classification
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of tempered lysis solution, leave it to incubate for 25 min
(see Notes 5 and 6).

. To wash the lysing solution, pick the slide up and immerse it

horizontally for 3 min into a tray containing abundant dis-
tilled water.

. Immerse the slide horizontally for 2 min into a tray with

abundant 100% ethanol.

. Afterward, leave the slide to dry horizontally, at room tem-

perature, or in an oven at 37°C. After drying, the processed
slides may be stored in archive boxes at room temperature in the
dark for several months or immediately stained (see Note 7).

. Prepare the fresh dye solution for bright-field microscopy by

mixing the Wright solution with PBS (1:1).

. Cover the dried microgel with a layer of the dye solution.

Keep the slide horizontal for 10-15 min, blowing on it from
time to time.

. Decant the dye solution and briefly and smoothly wash the

slide in tap water, then air dry. The coloring level must be
checked under the microscope (see Notes 8 and 9).

. Once the desired level of coloration is achieved and the slide

is perfectly dried, it can be mounted in a permanent mounting
medium like Eukitt® if desired.

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

The study of a minimum of 500 spermatozoa per sample is
recommended, adopting the criteria of Fernandez et al. (15)
(Fig. la—f):

(a) Spermatozoa with big halo: those whose halo width is
similar to or higher than the minor diameter of the core
(Fig. la, a").

(b) Spermatozon with medium-sized halo: their halo size is
between those with large and with small halo (Fig. 1b, b").

(c) Spermatozoa with small halo: the halo width is similar or
smaller than 1/3 of the minor diameter of the core
(Fig. Lc, ¢').

(d) Spermatozoa without halo: (Fig. 1d, d").

(e) Spermatozon without halo-degraded: those that show no
halo and present a core irregularly or weakly stained
(Fig. le, e").

“Others”: cell nuclei which do not correspond to
spermatozoa. One of the morphological characteristics
that distinguish them is the absence of tail. They are
recorded but not included in the final result.
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f J

Diploid 17,

Disomic

Fig. 1. Human sperm cells processed with the SCD test. (a—e) and (a’—e’): representative images from the different cat-
egories of halo sizes, observed after SCD test processing and subsequent DBD-FISH with a human whole genome probe,
Cy3-labeled (red, a'—e’), to detect DNA breakage. DNA was DAPI counterstained (blue, a—e) to visualize the nucleoids and
their halo of spreading of DNA loops. (a, a’): big halo; (b, b’): medium-size halo; (¢, ¢’): small halo; (d, d’): without halo;
(e, €’): without halo and degraded. Nucleoids showing small halo, without halo, and without halo-degraded (DAPI) contain
fragmented DNA (DBD-FISH). (f) Wright staining of SCD-processed sperm cells allows an accurate visualization of the
halo sizes under the conventional bright-field microscope. Those marked with asterisks have fragmented DNA.
(g) Conventional FISH may be performed after SCD processing, allowing to evaluate DNA fragmentation (halo size) and
aneuploidy, simultaneously in the same sperm cell. In the image, the three sperm showing asterisk contain fragmented
DNA. FISH with a cocktail of DNA probes for centromeric alphoid sequences for 18 (blue), X (green), and Y (red) chromo-
somes, evidence a diploid sperm without fragmented DNA (big halo) and a sperm disomic for the Y chromosome and with
fragmented DNA (without halo).

2. The results are expressed as percentage of each category, the
percentage of spermatozoa with fragmented DNA being
the sum of those with small halo, without halo and without
halo-degraded (see Note 10).
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3.2. Sequential The FISH procedure is performed on sperm cells previously
SCD-FISH processed for the SCD test and immobilized in the dried microgel
(Fig. 1g).

1.

10.

11.

12.

After SCD processing do not stain the dried slide, but incubate
it with the fixing solution for 12 min.

. Wash the slide in excess of phosphate buffer for 1 min.
. Deposit the double-stranded DNA probe mix for the alphoid

centromeric regions of chromosomes X, Y, and 18 with its
specific hybridization buffer in an Eppendorf tube, 20 pL
total volume.

. Denature the DNA probe mix at 70°C for 8 min in a water

bath, and then immediately put on ice for 2—3 min.

. Denature sperm DNA on the slide by incubation in alkaline

denaturing solution for 15-25 s (see Note 11).

. Immerse slide for dehydration in graded ethanol solutions

(70-90-100%) for 5 min each, and then air-dry.

. Pipette the denatured DNA probes on the microgel, cover with

a glass cover slip and incubate overnight at 37°C in darkness, in
a moist chamber lined with two sheets of wet filter paper.

. Remove the glass coverslip by gently immersing the slides

vertically in a Coplin jar containing isotonic saline solution at
room temperature.

. Wash the slides in Coplin jars containing 50% formamide /2 x

SSC pH 7 for 8 min, followed by 2x SSC pH 7 for 5 min,
both at 44°C (see Note 12).

Counterstain DNA by pipetting 20 uL. of Counterstaining-
Antifading solution, and cover with a 24x60 mm glass cover-
slip. Avoid trapping air bubbles.

Examine the slides with an epifluorescence microscope,
equipped with a triple-band pass filter and with monochrome
filters for DAPI, SpectrumGreen, SpectrumOrange and
SpectrumAqua for improved signal resolution.

Examine the sample using a 100x immersion oil objective.
The study of 3,000-10,000 spermatozoa per sample is
recommended, following the criteria of Muriel et al. (16) (see
Note 13).

4. Notes

. The purpose of microgel embedding is to provide an inert

support to sperm cells, so they can be processed in a suspen-
sion-like environment, but on a slide. This way they can be
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casily handled 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 suspension, would be retained in the agarose matrix.

. The sperm solvent should not be extremely dense to facilitate

spreading. Both fresh samples and samples directly frozen in
liquid nitrogen may be used. In practice, checking cell density
by phase-contrast microscopy may be enough to adapt and
obtain an appropriate cell concentration. Cell density within
the agarose matrix should be not excessively high in order to
avoid the overlapping of sperm cells, and not too broadly
spread to facilitate rapid scoring.

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

agarose when the latter has stabilized at 37°C, to avoid cell
damage by heat.

. The acid unwinding treatment produces DNA denaturation

that is only evident in those sperm cells with fragmented DNA.
This relative short incubation does not produce detectable
denaturation in DNA from spermatozoa without fragmented
DNA. It is also true for histone-nucleosome organized chro-
matin, as in blood leukocytes. It is thought that DNA breaks
behave as points of DNA denaturation, single-stranded DNA
being produced starting in both sides from the end of the
break and proceeding along the DNA helix (10, 17).

. The lysing step removes proteins, especially the protamines,

so the DNA loops that are tightly packed inside the sperm
nucleus spread, producing haloes emerging from a central
core in those spermatozoa without fragmented DNA (18).
If massively broken, i.e., with multiple DNA double-strand
breaks, the lysing step allows the DNA fragments to diffuse
from the residual core producing a big halo of DNA spots.
Nevertheless, this halo may be sometimes confused with the
normal halo of spreading of DNA loops from those sperma-
tozoa without fragmented DNA in the case of humans. This
lysing-only protocol of SCD is acceptable for the discrimina-
tion of spermatozoa with fragmented DNA in those species
where the DNA loops are of very small size (19-21). In
humans, it is preferable that there is previous incubation in
the acid unwinding solution. The production of single-
stranded DNA in spermatozoa with fragmented DNA by the
treatment with this solution seems to prevent the spreading
of DNA fragments, resulting in small halo or no halo at all.
This prevention is not total, and when DNA is stained with
very high sensitive fluorochromes (GelRed-Biotium; SYBR
Green, SYBR Gold-Molecular Probes, etc.), and some residual
DNA spots are visualized around the sperm heads from
spermatozoa with DNA fragmentation.
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An important result from using the lysing solution from the
kit is that the sperm tails remain preserved. This helps to dis-
criminate mature sperm cells from other possible cell types
that could be present in the sample.

. As an internal control, it is reccommended to process a micro-

gel with a control sample of well-known level of DNA frag-
mentation. This sperm sample should be distributed in
aliquots and frozen in liquid nitrogen. An aliquot should be
thawed and immediately processed as a microgel close to the
sample to be analyzed. A control sample and two different
sperm samples can be coprocessed using a single slide. After
SCD processing, the control sample should reveal its usual
DNA fragmentation yield, thus validating the technique and
the results from the other samples.

. Strong staining with Wright’s stain is preferred, to clearly

discriminate the peripheral border of the halo (Fig. 1f). If
staining is very weak, especially on the region of chromatin
dispersion halos, the slide can be restained with Wright’s
solution. If coloration is too strong, the slide can be discol-
ored by washing gently in tap water, or 10% ethanol if
preferred. After air drying, it can be stained again but reducing
coloring exposure time.

Visualization under fluorescence microscopy is also possible
using standard DNA fluorochromes (Fig. la—¢). After sample
dehydration, 20 pL of Counterstaining-Antitading solution
(e.g., DAPI in Vectashield) is distributed from a pipette over
the slide and covered with a 24x60 mm glass cover slip,
avoiding trapping air bubbles.

Instead of staining, the SCD processed slides may be incu-
bated with a fluorescent-labeled human whole genome probe,
which will detect the single-stranded DNA produced from
DNA breaks by the unwinding treatment. This is the ratio-
nale of the DNA Breakage Detection-Fluorescence In Situ
Hybridization (DBD-FISH) procedure to detect and quan-
tify DNA breaks (22). The application of this procedure
results in only labeling those spermatozoa with small halo,
without halo and without halo-degraded, thus demonstrating
that these specific types contain fragmented DNA (Fig. la'—¢').
Accordingly, sequential enzymatic labeling of DNA breaks
may be accomplished following the ISNT, or end labeling by
the klenow or using the TUNEL assay. This also results in the
labeling of those spermatozoa with small halo, without halo
and without halo-degraded.

The agarose microfilm is very delicate, so the typical DNA
denaturation with 70% formamide /2x SSC at 70°C may dis-
rupt it. The halos of the nucleoids in the agarose microgels
are very delicate, so that denaturation and washing steps tend



300 Fernandez et al.

12.

13.

to affect their preservation. Thus, only those slides with
well-preserved halos must be analyzed.

Incubation in DNA probe washing solutions at high tempera-
ture can destroy or damage the microgel or nucleoids. It is
recommended not to exceed 44°C in the washing solutions,
and not to use long incubation times. When necessary, increas-
ing the formamide concentration and /or decreasing the ionic
strength can decrease the washing temperature needed while
maintaining high stringency.

Overlapping nuclei are not scored. Nuclei showing nullisomy
are not directly scored since this may be a consequence of the
lack of hybridization. The presence of sperm tails is confirmed
under the SpectrumAqua filter set of the microscope. A nucleoid
with big or medium halo size (i.e. without DNA fragmenta-
tion), is considered disomic when it shows two fluorescent
domains of the same chromosome, comparable in size and
brightness, and separated by at least one-half diameter of the
domain of one signal. Otherwise, a sperm nucleoid with small
or without halo (i.e. with DNA fragmentation) is considered
disomic when the two signals of similar size, shape, and inten-
sity, are separated by at least one signal diameter. This is a con-
servative criterion for comparison. Diploidy is established when
two distinct chromosome 18 signals and also two-signals for
X and/or Y chromosomes are present in the same sperm
nucleus. FISH signals from satellite DNA sequences may not
be a spot in sperm nucleoids with halos, showing their DNA
fibres spreading from a specific point from the core. The origin
from which the DNA fibres spread usually has a stronger inten-
sity than that of the diffused fibres (23). This may help to clarify
possible questions that may arise in a very few cases. Moreover,
DNA probes of smaller size than that of the satellite DNA
sequences may be used for aneuploidy assessment.
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single-strand.........cooeviiiniiiin 134
StAgZEred...oviviiiiiiiii 59
at the ultrastructural level .......ccooveevieeveeenieiennans 29-34
DNA cleavage. See DNA breaks
DNA damage
comet assay for targeted examination of .......... 115-131
detection (see Detection of, DNA damage)
free radical-induced ........ccooveevevieriieinieieeeeeeeee 54
n situ, ex vivo and in vivo,
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translation (ISNT) assay
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Flow cytometry.
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250, 252-253, 258, 259
Fluorescein-12-dUTP (FITC-12-dUTP) ........... 33,72,73
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Gel electrophoresis. See also Electrophoresis
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SDS-polyacrylamide.........ccccoviviiiiiiiiiiiiiiiiiiins 260
single-cell.......coiiiiiiiiiiie 292

(see also Comet, assay)
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Gene-specific
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Genomic DNA........ccocveeneee 3,4,117,118, 120, 126-128
Genotoxicity
ASSAY.veneicneeene st 30
testing.
Gold
-conjugated anti-digoxigenin antibodies .................. 33
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immunoglobuling.........cccceciiiiiiiiiinicnnns 32
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detection
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in xenografts and skin.........
Hematoxylin (H&E staining)
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H&E staining. See Hematoxylin
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Histone H2AX ......cococuviiiiieiicinccrcceeeeceeaes 250
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Human sperm quality.......ccococoeiiiiiinniiiiicceenns 291
Humidified chamber/Humid chamber.............. 8,9,20-22,

25, 26,32, 43, 44,70, 71, 84, 100, 139, 275-277
Hybridization miX ......cccooevviviiiviiininiciiicsinscenns

Hydrogen peroxide
207,209,273, 281, 283
Hydrogen peroxide-induced oxidative stress ................. 209
8-Hydroxy-2’-deoxyguanosine
(8-OHAQG).....ccuviiiiciciciciine 16-23,25-26
4-Hydroxy-2-nonenal (HNE).........c.ccccoovnvinnnn. 190
Hypotonic treatment ..........coccereerninininininiccceseenenes 233
I
TFN gamma.....cocoiiiiiiiiiiiiccccce 208,212
Image analysis
digital...ooic 140-141
SOFEWATE vttt 135, 140
SYSTEIML.cviurirn teveneecteee ettt 140
Immunoaffinity
clean up i 191, 196
column preparation........ccceeeevereeceeeerererenennes 191,196
Immunoblotting
DSB detection Hmits .......c.ccveviiiiiiiciiciiiiiines 250
Y-H2AX protein ..c.cuveceicecinicicinicsccecceces 250
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