
Preface

The evolving paradigm, suggesting the existence of an intricate link connecting inflam-
matory processes with oncogenesis, finds its roots all the way back into the nineteenth 
century. Rudolf Virchow, one of the most prominent German physicians of his time, was 
the first to uncover almost 150 years ago the presence of white blood cells in tumor speci-
mens. This observation led Virchow to suggest – largely intuitively – that carcinogenesis 
could occur at sites of chronic inflammation, and that a set of secreted factors produced 
by inflamed tissues supports neoplastic growth while helping the tumor to escape the 
immune system surveillance by inducing a state of so-called immunosuppression concur-
rently inhibiting natural elimination of malignant cells via the process currently known as 
apoptosis.

Today, clinical oncology data strongly support Virchow’s intuition by acknowledging 
one out of seven newly diagnosed malignancies worldwide to result from infection and 
chronic inflammation. To no surprise, recognition of this astounding rate of cancer inci-
dence caused by inflammatory processes robustly correlates with an increasing attention 
within both academic research environment and the biomedical industry circles towards 
closer evaluation of the infection–inflammation–cancer axis on a molecular level, as well 
as on the level of search for novel markers allowing, once targeted, to selectively restrain 
the oncogenic drift triggered by inflammation. The last two decades of the past millen-
nium marked by a breathtaking evolution of molecular methods in biology – includ-
ing complete sequencing of genomes in key species, nascency of proteomics and DNA 
microarray technologies, development of comprehensive toolkits for pathway analyses, as 
well as rapid maturation of chromosome engineering and gene targeting methodologies 
– consolidated the theoretical foundation of inflammation-associated carcinogenesis. An 
impressive body of evidence has been collected to develop the molecular groundwork for 
infection-mediated tumorigenesis with the role of reactive oxygen species, free radicals, 
inflammatory cytokines, such as TNFα and lymphotoxins, but also angiogenic factors 
secreted by an inflamed tissue to assist in its healing process, gradually becoming well 
recognized. Furthermore, signaling pathways known previously to primarily play either 
developmental or tissue homeostasis roles have now been demonstrated to critically influ-
ence the oncogenic outcome of inflammation; examples include NF-κB, prostaglandin/
cyclooxygenase-2, and p53 pathways, the DNA repair machinery, and a family of the Toll-
like receptor proteins. Intriguingly for both infection experts and oncologists, the sys-
temic inflammation appeared to influence cancer progression during each of three stages 
in tumor lifetime: initiation/promotion, expansion, and invasive metastatic growth. Dif-
ferent mechanisms associated with the inflammation onset and its resolution have been 
demonstrated to play pleiotropic, yet distinct, roles at different phases of tumorigenesis.

As the number of scientific reports directly addressing the issue of inflammation-
mediated tumorigenesis surpassed a notable 2,000 mark in the last year only, the value of 
review-type publications summarizing the findings at the cancer–inflammation boundary 
became almost impossible to overestimate. And yet, highest quality of the theoretical 
framework delivered by numerous reviews in the field provides little, if at all, room to 
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deduce the collinear scaffold of methodological procedures developed and validated in 
a variety of labs to practice the “molecular oncology of inflammation” either at the lab 
bench level or in the clinical diagnostics. There is a clear need to conceptualize, systema-
tize, and standardize the existing arsenal of analytical tools developed by both oncologists 
and immunology experts to bring the wealth of experimental techniques under a com-
mon denominator toolkit equally valuable for biomedical researchers in academia, R&D 
scientists in the industry, and clinical oncologists in hospital labs.

In this light, the publication of Inflammation and Cancer is well timed to say the least. 
Although facing a challenging task of in a way shooting at a moving target because of the 
contemporary pace of practical arsenal development in the field, it is my sincere intention 
to not only collect a plethora of current methods under a single cover, but rather deliver a 
systematic guide to techniques addressing various aspects of experimental cancer biology 
selectively focusing on inflammation-mediated tumorigenesis and leaving an ample room 
for improvisations on a per-case basis. Apart from an unquestionable relevance of the 
fundamental experimental principles for a long future to come, the current collection of 
experimental approaches is almost certainly destined to live through the continuous waves 
of revisions and amendments. In my view, the significance of this book is also in setting 
“square zero” requirements for techniques still in the development pipeline or just added 
to the application pool and awaiting experimental substantiation.

The Inflammation and Cancer set is subdivided into four topics each consisting of 
chapters discussing a specific methodology with extensive citation list and reference guide 
for laboratory troubleshooting. Each chapter provides an introductory paragraph review-
ing the relevant theoretical foundations. The following topics will be covered in the actual 
order as they appear in the book: Vol. 1, (I) Experimental Approaches to Study Chronic 
Inflammation-Related Carcinogenesis; (II) Oncogenic Potential of Inflammation Induced 
by Viral and Bacterial Infections; Vol. 2, (I) Crossroads of Inflammation and Cancer: 
Molecular Aspects; and (II) Molecular and Cellular Approaches to Diagnostics and Drug 
Target Discovery in Inflammation-Related Oncogenesis. It was my strong objective to 
maximize the page/information quality ratio of the book, but also to seek a balanced 
presenting of experimental procedures vs. background theoretical material.

In its present format with the scope and style of covered material, the book shall find 
a wide-ranging appeal among the diverse audience of scientific professionals practicing 
experimental oncology, immunology, cell biology, genetics, and pharmacology in both 
academic research and industrial R&D laboratories. Medical practitioners and clinical 
laboratory personnel, as well as students learning the experimental aspects of molecular 
medicine, will equally find helpful the roster of laboratory procedures discussed in the 
book. My further hope extends to a notion that the methodological arsenal discussed 
in its pages will in fact beget the perception of its incompleteness and stimulate further 
efforts in expanding the battery of experimental approaches, focusing among others on 
implementation of cell-based and in vivo preclinical models, to address the biology – and 
ultimately the therapeutic aspects – of inflammation-related tumorigenesis. On another 
note, fostering the rigorous scientific interactions among basic and clinical researchers 
aimed at further molecular demarcation of the elaborate pathways leading from inflam-
mation to tumor formation is both the primary purpose of the book and a key metrics of 
its success.

Undoubtedly, this project will be next to impossible without the exceptional work of 
all contributing authors. It is understandably difficult to tailor – and then re-tailor again 
– the chapter style to reflect the editor’s strategy and big-picture vision for the entire 
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 volume, and I am very much obliged for each piece of experimental wisdom shared with 
the reader audience, as well as for the praiseworthy commitment of every contributing 
author to bear with the editor through the entire duration of the work.

On a final note, every single day we were working on this book, over 15,000 lives 
have been claimed worldwide due to cancer-related deaths. Current estimates give us 
reasons to believe that about 2,200 fatalities are actually caused by the inflammation-
related oncogenesis. It is this frustrating statistic that stipulates a powerful dedication to 
succeed in the demanding quest of disseminating the novel diagnostic tools and therapies 
targeting the adverse clinical facets of inflammatory processes. My hope is that copies of 
these current volumes will find themselves rapidly tunneled from a library bookcase to lab 
benches of investigators and clinicians alike who enthusiastically seek a means to stand up 
against the clinical challenges reflected in the above numbers.

Volume 2

An in-depth pathway analysis has been proven instrumental on multiple occasions to con-
struct and navigate through detailed molecular charts for a variety of processes starting 
from gametogenesis and early embryonic development through the cell senescence and 
death, not excluding onset and resolution of inflammation and oncogenic transforma-
tion. The second volume of the book, appearing under the title “Molecular Analysis and 
Pathways”, is thus logically devoted to an extensive description of experimental strate-
gies aimed at investigating the molecular cross-talks among components of cell signaling 
chains and their ramifications for diagnostic development and drug target discovery.

Part I of this volume (Crossroads of Inflammation and Cancer: Molecular Aspects) 
places in a spotlight several pathways proven critical for translating inflammatory outcomes 
into malignant cell transformation. Among those are NF-κB signaling (chapters by Goh 
et al., Blander, and Yang et al.) and one of the free radical turnover pathway (nitric oxide 
signaling, chapter by Hiraku and Kawanishi and review chapter by Yang et al.). Two other 
chapters discuss methodological aspects of monitoring the inflammatory-related molecular 
footprints on the genomic DNA level and account on techniques of detecting the chronic 
inflammation-directed genomic instability and aberrant DNA methylation signatures (chap-
ters by Yan et al. and Suzuki et al., correspondingly). Chapter by Nunez et al. addresses 
the experimental basis applicable to study a recently uncovered link between inflammation 
and carcinogenesis mediated by insulin and IGF pathways. Lastly, Van Laere’s et al. chapter 
provides and in-depth description of a whole transcriptome analysis technique known as 
cDNA microarray hybridization and illustrates its power in the context of identification the 
molecular signatures featured by inflammatory breast tumor tissue.

Part II of the book (Molecular and Cellular Approaches to Diagnostics and Drug 
Target Discovery in Inflammation-Related Oncogenesis) aims at introducing the reader 
into the realm of translational research and discusses the techniques instrumental at the 
interface of basic laboratory experimentation processes and clinically oriented studies. 
In juxtaposition with the eventual goal of every carcinogenesis-centric investigation – to 
develop and implement novel, more efficient antitumor therapeutic strategies – the struc-
ture of the Inflammation and Cancer final part steers an academic researcher, a preclinical 
scientist, and a molecular pathology clinician alike through a compendium of techniques 
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devoted to application of inflammatory pathways information and dynamic properties of 
inflammation-associated cells for both diagnostic purposes and prediction of therapeutic entry 
points. Starting from experimental description of cell-based assays designed to quantify 
the inflammatory status in biologic fluids based solely on cell signaling readouts (chapter 
by Kozlov), Part II proceeds with tools for analytical assessment of multiple “druggable” 
pathways operating on the inflammation–cancer axis and providing promising gateways 
for pharmacological intervention. Two chapters underscore a pivotal role of NF-κB sig-
naling (chapters by Mauro et al. and Madge and May) as a key molecular trigger of 
inflammation-assisted tumorigenesis and equally as a therapeutic target. Among other 
pathways that present significant clinical interest and deserved coverage in Part II are 
JNK/Jun (chapter by Kaminska), STAT (chapter by Adach et al.), FAK (chapter by Mon 
et al.), and PPAR (chapters by Wu and Liou and Ritzenthaler et al.) signaling as well as 
the molecular machinery regulating posttranslational histone modifications (chapter by 
Glauben and Siegmund). Chapter by Thomson and Udalova provides a representative 
sample of current techniques in clinical detection for a variety of inflammatory mediators, 
in particular cytokines, chapter by Hagemann and Lawrence describes assays applicable 
to analyze responsiveness of innate immunity components to malignant cells, and chapter 
by Smirnov exemplifies a collection of experimental imaging procedures summoned to follow 
the course of pathology while presenting cancer biologists with a cell-based therapeutic 
modality. Finally, chapter by Lee et al. illustrates the experimental principles of phage 
display methodology in application to identification of tumor-specific molecular determi-
nants, and chapter by Alosi and McFadden presents the novel approach to interfere with 
inflammation-associated tumorigenesis employing the YY peptide.

                                                             Serguei V. Kozlov
Frederick, MD

July 2008



Chapter 2

Molecular Analysis of Genetic Instability Caused by Chronic 
Inflammation

Bin Yan, Yuanlin Peng, and Chuan-Yuan Li

Summary

Genetic instability is a hallmark of human cancers. It is the driving force for tumor development as it facilitates 
the accumulation of mutations in genes that regulate cell death and proliferation and therefore promotes 
malignant transformation. Chronic inflammation is a common underlying condition for human tumor devel-
opment, accounting for approximately 20% of human cancers. TNFα is an important inflammation cytokine 
and is crucial to the development of inflammation-associated cancers. We have shown that TNFα can cause 
DNA damages through reactive oxygen species (ROS). TNFα treatment in cultured cells resulted in increased 
gene mutations, gene amplification, micronuclei formation and chromosomal instability. Antioxidants signifi-
cantly reduced TNFα-induced genetic damage. In addition, TNFα treatment alone led to increased malignant 
transformation of mouse embryo fibroblasts, which could be partially suppressed by antioxidants. Therefore, 
genetic instability plays an important role in inflammation-associated cancers.

Key words: Genetic instability; Inflammation; Cancer; Reactive oxygen species; 8-Oxo-deoxyguanosine.

Exposure to environmental carcinogen and chronic inflamma-
tion are two important underlying conditions for sporadic human 
tumor development. Chronic inflammations predispose patients 
to cancers. For example, chronic atrophic gastritis increases the 
risk for gastric cancer, chronic hepatitis for hepatic carcinoma and 
chronic skin ulcer for squamous cancer of the skin.

Most studies on the mechanism underlying inflammation-
associated cancers focused on NFκB signaling. We recently found 
that ROS-induced DNA damage and genetic instability is another 

1. Introduction

1.1. Inflammation and 
Cancer
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important contributing factor in the development of cancers in 
chronic inflammation (1). ROS is abundant in inflammation. It 
can be produced by the respiratory burst in the inflammatory 
cells or induced by inflammatory cytokines such as TNFα. We 
have found that TNFα induces ROS, causes genetic aberrations 
and leads to transformation, all of which were at least partially 
inhibited by antioxidants (1).

In order to study instability in inflammation-associated cancers, 
a variety of genetic assays can be applied to assess the oxidative 
stress and DNA damages, which include micronucleus assay, 
cytogenetic analysis of chromosomal aberrations, gene amplifica-
tion assay, mutation assay, comet assay and immunostaining for 
8-oxodG and γ-H2AX. The malignant transformation resulting 
from accumulation of mutations can be determined by transfor-
mation assays such as soft agar assay. This chapter will elaborate 
the detailed protocols for these assays.

1. 379.2 cells are p53−/− colon carcinoma HCT116 cells, which 
were kindly provided by Dr. Bert Vogelstein of Johns Hop-
kins University, Baltimore, MD. 379.2 cells were cultured 
in McCoy 5A medium supplemented with 10% fetal bovine 
serum. L929 cells were maintained in DMEM medium sup-
plemented with 10% equine serum. 10T1/2 and BALB/3T3 
are mouse embryonic fibroblasts obtained from Cell Culture 
Facility of Duke University Comprehensive Cancer Center 
(Durham, NC). They were maintained in DMEM medium 
supplemented with 10% fetal bovine serum.

2. Recombinant human and mouse TNFα were purchased from 
R&D Systems, Inc (Minneapolis, MN 55413). N-acetyl cystein 
(NAC), Vitamin C, Vitamin E, actinomycin D, rotenone and 
dichlorofluorescein diacetate (DCFDA) were purchased from 
Sigma (St. Louis, MO).

1. The selective agent for cad gene amplification, PALA, was 
obtained from the Drug Synthesis Branch, Division of Cancer 
treatment, National Cancer Institute.

2. Methotrexate (MTX) was purchased from Sigma (St. Louis, MO).
3. Methylene blue solution: 0.4% methylene blue dissolved in 

30% methanol solution.
4. 1% Acetic acid solution: 1% acetate in 50% methanol.

1.2. Genetic Assays

2. Materials

2.1. Cell Culture

2.2. Gene 
Amplification Assay
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5. Crystal violet (CV) staining fixative: 0.5% CV in 80% methanol.
6. Dissolves PALA/MTX in ddH2O to make 1,000× stock solution.

1. Colcemid (10 µg/ml) is purchased from Gibco (now Invitrogen) 
or Ivine Scientific.

2. 0.5% Colchicine (Sigma C3915) in water (see recipe; store at 
−20°C).

3. 1-cc disposable syringes and 23 gauge needles.
4. 15-ml Conical centrifuge tubes (Corning #25310).
5. Hypotonic solution: 0.075 M KCl (0.56% KCl) in ddH2O.
6. Fixative: 3 volume of methanol mixed with 1 volume of acetic 

acid.
7. Giemsa stain solution: (Dissolving one tablet in 100 ml ddH2O 

and add 5 ml R66 solution. Both the tablet and R66 solu-
tion were purchased from BDH Laboratory Supplies (Poole, 
England)).

1. Hybridization mixture: mix 2 ml 20× SSC at pH 5.8 and 10 ml 
formamide, add 2 g dextran sulfate on the top and vortex to 
mix. Then leave on bench top over night for dextran sulfate to 
dissolve. Aliquot and store in −20°C.

2. 20× SCC at pH 5.8 and pH 7.4: Mix thoroughly 175.3 g 
NaCl, 88.2 g sodium citrate in 800 ml ddH2O. Adjust pH, 
adjust volume to 1 L, store at room temperature for up to 6 
months.

3. 70% Formamide denaturation solution: 5 ml 20× SCC at pH 
5.8 and 35 ml formamide in 10 ml ddH2O. Store covered 
between uses. Discard after 2 months.

4. 50% Formamide in 2× SSC: 5 ml 20× SCC at pH 5.8 and 
25 ml formamide in 20 ml ddH2O. Store covered between 
uses. Discard after 2 months.

5. 2× SSC pH 7.4: 5 ml 20× SCC at pH 7.4 in 45 ml ddH2O. 
Discard after use.

6. PN buffer: Use 0.1 M NaH2PO4 to adjust pH of the 0.1 M 
Na2HPO4 to achieve pH 8.0 and add 0.05% Nonidet® P-40. 
Autoclave and store up to 6 months.

7. For chromosome painting, whole chromosome probes for 
mouse chromosomes were purchased from Cambio Ltd, 
Cambridge, UK.

1. Wash buffer: PBS + 1% fetal bovine serum (FBS).
2. Fixative: cold 70% ethanol.
3. Staining buffer: propidium iodide (10 µg/ml) and ribonuclease 

A (100 µg/ml) in PBS.

2.3. Analysis of 
Chromosomal 
Aberrations

2.3.1. In Vitro Analysis of 
Chromosomal Aberrations 
in Cultured Cells

2.3.2. Fluorescence In Situ 
Hybridization (Suitable for 
Chromosome Painting)

2.4. Detection of 
Aneuploid Cells by 
FACS Analysis
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4. Flow cytometry machine and ModFit LT cell-cycle analysis 
software (Verity Software House, Topsham, ME).

1. Cytochalasin B (Sigma, St. Louis, MO, USA) stock solution: 
5 mg/ml dissolved in ethanol.

2. Carnoy fixative (ratio of volume: methanol:acetic acid = 3:1).
3. 2×SSC buffer with NP40: 2× sodium chloride–sodium citrate 

(SSC) buffer with 0.1% Nonidet® P 40 (NP 40).
4. Acridine orange (Sigma-Aldrich) staining buffer: 5–10 µg/ml 

acridine orange (AO) dissolved in 0.1 M sodium phosphate 
(pH 7.2) + equal volume of heptane.

5. Fluorescence microscope with FITC filter.

1. Fixative: acetone: Methanol (1:1).
2. M.O.M.™ Immunodetection Kit FLUORESCEIN (Catalog 

No. FMK-2201) is purchased from Vector Laboratories, Inc 
(Burlingame, CA 94010).

3. M.O.M.™ Mouse Ig Blocking Reagent: add two drops of stock 
solution to 2.5 ml of PBS.

4. M.O.M.™ Diluent: add 600 µl of protein concentrate stock 
solution to 7.5 ml of PBS.

5. M.O.M.™ Biotinylated Anti-Mouse IgG Reagent: add 10 µl of 
stock solution to 2.5 ml of M.O.M.™ diluent prepared above.

6. VECTOR ABC Reagent: add two drops of Reagent A to 
2.5 ml PBS, mix and then add two drops of Reagent B and 
mix. Allow ABC Reagent to stand for 30 min prior to use.

7. DAB Enhancing Solution (cat# H-2200) or VECTOR VIP 
Substrate Kit (cat# SK-4600).

1. 10× agar stock: Boil 5% (w/v) bacto-agar (DIFCO, Detroit, 
MI) stock in distilled water, autoclave to sterilize, and store in 
50-ml aliquots at room temperature.

2. Cell culture medium as appropriate for each cell line.
3. 6- to 8-week-old athymic nude mice were purchased from 

Charles River Laboratories, Raleigh, NC.

Standard gene amplification measures the frequency of amplifica-
tion of cad or dhfr gene. cad gene encodes carbamyl phosphate 
synthetase, aspartate transcarbamylase and dihyroorotase. dhfr 

2.5. Micronucleus 
Assay

2.6. Immunodetection 
for 8-oxodG in Mouse 
Tissues

2.7. Soft Agar Assay 
and Tumorigenesis 
Assay

3. Methods

3.1. Gene 
Amplification Assays
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gene encodes dihydrofolate reductase. The sole known mecha-
nism for PALA resistance is amplification of cad gene, therefore 
frequency of cad amplification can be quantified by clonogenic 
assay with PALA selection. Similarly, MTX can be used to quan-
tify the frequency of dhfr gene amplification (2).
1. 50% Lethal dosage (LD50) of the drug has to be determined 

to decide the concentration of PALA or MTX for each cell 
line. (1) Seed 2–10 × 103 cells/well depending on the cell 
size (refer Subheading 4) into a 24-well plate; (2) Cells are 
grown in the presence of a concentration titration of PALA/
MTX until the well of cells grow to confluence in the absence 
of PALA/MTX; (3) Wash cells once with PBS, then stain cells 
with methylene blue solution for 20 min; (4) Wash cells with 
distilled water 3–4 times then extract methylene blue with 1 ml 
1% acetic acid solution; (5) Measure the absorbance OD650 
at l = 650 nm then make a graph to determine LD50, the con-
centration that inhibited 50% cell growth (3, 4).

2. For estimation of resistant clones, about 1–2 × 106 cells were 
seeded into each P10 dish (10-cm dish). Cells were then 
selected in 3.5–9 × LD50 of PALA or MTX. Medium should 
be changed with fresh PALA/MTX every 3–5 days (see Notes 
1 and 2).

3. At the same time when seeding the cells, seed 200–500 cells 
into at least three plates and let the cells grow in the absence 
of selective drugs for calculation of plating efficiency (PE). 
PE = number of colonies formed/number of cells seeded (see 
Note 3).

4. Resistant colonies usually appear in 2–3 weeks. Cells were 
fixed and stained with 0.5% crystal violet in 80% methanol. 
Colonies were counted subsequently (see Note 4).

5. Frequency of amplification is expressed as the number of 
resistant colonies relative to the number of colonies formed 
without PALA and MTX (2, 5).

1. Colcemid® is added to the cell culture at a final concentration 
of 0.02 µg/ml. Harvest the cells by 5 min centrifuge at 400 
× g 1–4 h later depending on how rapidly the cells grow (see 
Note 5).

2. Cells are resuspended in 10 ml 0.075 M KCl and incubated at 
37°C water bath for 10–15 min (see Note 6).

3. 2 ml Fixative is added and mixed well at the end of incuba-
tion.

4. Cells are spun down and the supernatant is removed. Cells are 
resuspended in 10 ml fixative at room temperature.

5. Step 4 is repeated once.

3.2. Analysis of 
Chromosomal 
Aberrations

3.2.1. In Vitro Analysis of 
Chromosomal Aberrations 
in Cultured Cells
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 6. Cells are then collected by 5 min centrifuge at 400 × g and 
suspended in 0.5–2 ml fresh fixatives depending on the 
number of cells (addition of fixative should be just enough to 
make a thin cell suspension, solution in tube will look slightly 
opaque) (see Note 7). Cell suspension is then dropped onto 
cold wet slides. Cell concentration and cell spreading are 
monitored by phase contrast microscopy (see Note 8).

 7. Slides are stained with 0.5% Wright stain or Giemsa stain for 
10 min. Metaphase spreads are examined under oil immersion 
microscope for chromosomal aberrations including chromo-
some breaks, rings, dicentrics, terminal deletions and intersti-
tious deletions (double minutes). The number of chromosome 
in each spread can be counted under a microscope to assess the 
abnormality in ploidy.

This protocol was modified from the one published on The Jackson 
Laboratory website (6).
 1. Inject mouse with 0.1 cc of 0.5% colchicine (stock solution) 

intraperitoneally. Wait 30–60 min depending on the age of 
the mice, shorter for young mice and longer for old ones.

 2. Sacrifice mouse and remove femur(s) and tibia(s).
Early metaphases seem to be more prevalent in tibias.
 3. Cut off just enough of the bone heads to insert a 23 gauge 

needle into the marrow cavity.
 4. Flush out cells into a conical centrifuge tube using a 1-cc 

syringe filled with 0.075 M KCl.
 5. Incubate the tubes at 37°C for 10–15 min.
 6. Centrifuge at 400 × g for 5 min in a clinical bench-top 

centrifuge.
 7. Remove supernatant and add 0.5 ml of fixative without dis-

turbing the pellet. Remove fixative after 3–4 s and add 2 ml 
fresh fixative without disturbing the pellet.

 8. Allow tubes to sit at room temperature 30 min.
The procedure can be interrupted at this point and resumed later. 
Always refrigerate cells if they are to be left standing in fixative 
longer than 30 min
 9. After 30 min centrifuge the cells at 400 × g, remove the fixative, 

and resuspend the cells in fresh fixative.
 10. Repeat step 9 once.
 11. Continue as described in steps 6 and 7 in Subheading 3.2.1.

This protocol was modified from that published by Lichter 
et al. (7) and can be used for chromosome painting to study 
chromosome translocations.

3.2.2. In Vivo Analysis of 
Chromosomal Aberrations 
in Mouse Bone Marrow 
Cells

3.2.3. Fluorescence In Situ 
Hybridization (Suitable for 
Chromosome Painting)
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1. Apply 20 µl of 100 µg/ml RNase to the target region of the 
slides at 37°C for 3 min.

2. Wash two times for 3 min in 2× SSC.
3. Place slides in 0.01 N HCl containing 100 mg/L pepsin at 

37°C for 5 min (see Notes 9–11).
4. Wash two times for 5 min in PBS.
5. Dehydrate the slides by placing in 70, 90, and 100% ethanol 

for 1 min each at room temperature.
6. Air-dry the slides and proceed to slide denaturation. Slides 

may be used immediately or store at −20°C.

1. Denature the slides for 2 min in 70% formamide denaturation 
solution at 70°C. For old slides, denature extra 6 s for every 1 
month of slides stored.

2. Immediately transfer slides to ice-cold 70% ethanol for 2 min 
to reduce strand reannealing before adding the probe.

3. Dehydrate slides by placing in 70, 90, and 100% ethanol for 
2 min each at room temperature.

4. Allow slides to air-dry for a few minutes.
5. Prewarm slides to 37°C in an incubator.

1. Mix thoroughly 0.5 µl fluorochrome labeled probe (~100 ng), 
9 µl Hybridization mixture, 2 µl of Cot-1 DNA (~2 µg), and 
3.5 µl water.

2. Denature the probe by incubating at 82°C for 10 min 
(this may be done in a PCR machine for convenience) 
(see Note 12).

3. Prehybridization of the probe mixture with excess unlabeled 
genomic or Cot-1 DNA (usually at least 20 times the amount 
of the probe DNA) for 30 min to 1 h at 37°C is necessary to 
reduce the diffuse hybridization of repetitive sequences in the 
probe to multiple chromosome sites.

4. Spin briefly to collect probe cocktail.
5. Apply the 15 µl denatured and prehybridized probe cocktail 

onto the denatured chromosome slide and overlay with a 22 × 
22 mm coverslip.

6. Seal the coverslip with rubber cement to prevent evaporation 
during hybridization.

7. Place slides in a pre-warmed dark box and incubate 
16–18 h at 37°C. Depending on the concentration and 
complexity of the probe, hybridization time may vary 
from overnight to several days without detrimental effects 
(see Note 13).

Pretreatment of 
Chromosome Slides

Denaturation of 
Chromosome Slides

Probe Denaturation and 
Hybridization



22 Yan, Peng, and Li

1. Carefully remove rubber cement. Do not remove the coverslips.
2. Place slides 4 min each in two jars containing prewarmed 50% 

formamide in 2× SSC at 42°C. The coverslips will come off 
(see Note 14).

3. Place slide 4 min each in two jars containing prewarmed 
2× SSC at 42°C.

4. Place slides 4 min each in two jars containing prewarmed PN 
buffer at 42°C.

1. Do not allow the slides to dry after the washing steps.
2. Apply 15 µl DAPI counterstain and antifade solution to the 

target area of the slides and apply coverslip.
3. Perform microscopic analysis.
See Fig. 1 for an example of the FISH.

Posthybridization Washing 
Steps

Detection

Fig. 1. Whole chromosome painting by FISH. MEF cells from CAD(+/+) and CAD(−/−) 
cells were irradiated with 4 Gy of γ-rays and then cultured for 12 days. Metaphase 
chromosome spreads were then prepared. Subsequently, chromosome painting was 
carried out for the chromosome spreads by use of fluorescently labeled whole chro-
mosome 2 probes. The top two panels shows the fluorescent photomicrographs of 
typical spreads with normal (left) and translocated (right) chromosome 2. Arrows 
show the chromosomes that are involved in translocations. The lower panel shows 
elevated frequency of radiation-induced chromosome 2 translocations in embryonic 
fibroblast cells derived from CAD(−/−) mice. Results from three independent pairs of 
CAD(+/+) and CAD(−/−) mouse embryonic fibroblasts. For each condition, at least 100 
metaphases were counted for each experimental point.

Normal Translocation

CAD+/+

CAD−/−

MEF pair#

C
hr

om
os

om
e 

2
tr

an
sl
oc

at
io

ns
 (

%
)

0
1 2 3

5

10

15

20

25



 Molecular Analysis of Genetic Instability Caused by Chronic Inflammation 23

1. Cells were collected, washed with PBS + 1% FBS (see Note 15).
2. Cells are centrifuged and supernatant removed. Cold (4°C) 

70% ethanol is added to the cell pellet drop by drop with gen-
tle mixing to resuspend the cells. Fix the cells in cold ethanol 
for at least 3–6 h. At this point, cells can be left in the refrig-
erator for a couple of weeks.

3. Cells are centrifuged and stained with propidium iodide 
(10 µg/ml) and ribonuclease A (100 µg/ml) for at least 1 h 
but no more than 24–48 h.

4. Cells are then subjected to cell cycle analysis using FACS. 
A percentage of aneuploid cells was calculated with ModFit 
LT cell-cycle analysis software (8) (see Notes 16–18).

1. Cells were plated in the 6-well plates at about 20–30% conflu-
ence 24 h before treatment.

2. Treat cells with irradiation, TNFα or other genotoxic agents.
3. After treatment, cytochalasin B was added to the medium at 

the final concentration of 5 µg/ml and cultured for 48 h.
4. Then the medium was removed and the cells were rinsed with 

PBS and fixed by Carnoy fixative for 5 min. Then the cells 
were dried in the air.

5. Then the cells were immersed in the 2× SSC buffer with 0.1% 
NP 40 for 1 min.

6. After drying in the air, the cells were stained in acridine orange 
(AO) staining buffer for 2–5 min by gently shaking them 
(see Note 19).

7. Then the cells were washed with PBS and the micronuclei 
were scored under a fluorescent microscope. The criteria for 
identifying micronucleus is elaborated by Michael Fenech (9) 
(see Notes 20–21).

8-oxo-Deoxyguanosine (8-oxodG) is one of the major DNA 
lesions formed upon oxidative attack of DNA. It is an indicator of 
oxidative stress as well as a mutagenic adduct that has been asso-
ciated with pathological states such as cancer and aging (10). The 
only available oxodG antibody is mouse monoclonal. In order to 
decrease the background staining due to the presence of endog-
enous mouse immunoglobins in the mouse tissue, the M.O.M.™ 
immunodetection kit is used for the immunostaining. Below it is 
modified from the instruction of the kit.
1. The frozen tissue sections are fixed in ice-cold fixative 

(acetone:methanol = 1:1) for 10 min and then the slides are 
air-dried.

2. Wash sections in PBS for 4 min × 3 times.

3.3. Detection of 
Aneuploid Cells by 
FACS Analysis

3.4. Micronucleus 
Assay

3.5. Immunodetection 
for 8-oxodG in Mouse 
Tissues
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 3. Incubate sections with 0.3% hydrogen peroxide in 0.3% nor-
mal horse serum in PBS for 10 min to quench endogenous 
peroxidase activity.

 4. Wash section 3 min × 3 in PBS.
 5. Incubate sections for 1–4 h in working solution of M.O.M. 

mouse Ig blocking reagent.
 6. Wash slides for about 3 × 3 min in PBS.
 7. Incubate slides for 5 min in working solution of M.O.M. 

diluents (see Note 22).
 8. Dilute 8-oxodG antibody in M.O.M. diluents to 1:1,000. 

Incubate section in diluted primary antibody for 30–60 min 
at room temperature or overnight at 4°C.

 9. Wash slides for about 3 × 3 min in PBS.
 10. Apply working solution of M.O.M. biotinylated anti-mouse 

IgG reagent and incubate sections for 10 min (see Note 23).
 11. Wash slides for about 3 × 3 min in PBS.
 12. Apply VECTASTAIN ABC reagent and incubate the sections 

for 5 min.
 13. Wash slides for about 3 × 5 min in PBS.
 14. Prepare and apply peroxidase substrate solution according 

to substrate kit instructions and develop for 2–10 min with 
DAB or 2–15 min with VECTOR VIP (see Notes 24–25).

See Fig. 2 for an example of the staining.

One of the best in vitro indicators of a potential malignant 
growth is the ability of cells to grow in an anchorage-independent 
manner. Growth in semi-solid agar media is the most common 
assay (11).
1. Prepare the 0.5% agar bottom layer by mixing 1 volume of 5% 

agar (melted by microwave and cooled in 45°C water bath) 
with 9 volume of medium prewarmed to 45°C. Pipette 5 ml 
of the 0.5% agar/medium into each 60-mm dish and allow to 
solidify at room temperature (see Note 26).

2. Trypsinize the cells and prepare a serial dilutions of single cell 
suspension to 5 × 104, 2 × 104, 104, 5 × 103, 2 × 103, 5 × 102, 
and 2 × 102 cells/ml.

3. Briefly warm 1 ml of each dilution of cell suspension to 40°C 
and mix it with 2 ml of the warm 0.5% agar/medium to a final 
concentration of 0.33% agar in a 15-ml tube, then transfer the 
cells to the hardened 0.5% agar base layer (see Note 27).

4. Incubate cells at 37°C in a humidified 5–10% CO2 environment. 
Feed cells twice a week by dropwise addition of the growth 
medium. Score for the presence and frequency of colonies after 
2–3 weeks (see Note 28).

3.6. Soft Agar Assay 
for Cellular 
Transformation
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5. To confirm the tumorigenicity of the colonies that emerged 
in the soft agar assay, the colonies were picked, transferred 
into DMEM medium and expanded. Cells from each colony 
(about 3–5 × 106) were then injected subcutaneously into 
the right flanks of 6- to 8-week-old athymic nude mice. After 
inoculation, the incidence and growth of tumors were evalu-
ated at least once a week for at least 16 weeks. Mice were sac-
rificed/dissected when tumor size reached 15 mm in diameter 
(see Note 29).

1. When seeding cells to each well of a 12-well plate to deter-
mine the LD50, seed more cells (up to 104) if the cells are small 
(such as HCT116), less cells (2–5 × 103) if the cells are big 
such as fibroblasts.

2. To compare cad gene amplification between different cell 
lines, the concentration of PALA/MTX for each cell line is 
determined by its LD50. Use the same times of LD50 instead of 
the same concentration for each cell line.

4. Notes

Fig. 2. Induction of 8-OHdG by TNFα in mouse liver tissue. Expression of TNFα in mice was achieved by hydrodynamic 
delivery of N1-TNFα expression plasmid. Four micrograms of DNA in a calculated volume were injected into each mouse 
over a period of 5 s. Mice were sacrificed 7 h after injection and tissues were removed and frozen in liquid nitrogen 
and subsequently stained with an antibody specific to 8-OHdG. The staining of liver tissue is shown in the upper panel. 
Quantification of the 8-OHdG-positive cells is in the lower panel.
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 3. Be very gentle when changing the medium, add the medium 
to the side of dishes in order not to flush the cell clumps and 
disperse them.

 4. Only colonies with more than 50 cells are counted.
 5. For slow growing cells such as fibroblasts, only the float-

ing cells are collected for hypotonic incubation and fixation, 
every 3–5 h. Combine 2–3 harvests together. The cells in 
metaphase are round and not attached to the plate. There-
fore we can concentrate these cells in this way.

 6. Incubation in the hypotonic solution should not exceed 
15 min otherwise the chromosome will be fussy; When 
resuspending the cells after spinning them down, suck out 
all but 200 µl supernatant and resuspend the cells in this 200 
leftover, then resuspend them to the final large volume.

 7. Cells can be stored at 4°C for a couple of days at step 4. 
Cells can be stored in methanol at −20°C for longer time if 
necessary.

 8. Dropping cell suspension onto slides is done in a blowing 
hood to accelerate drying for good spreading. Slides should 
be tilted and the height to drop is about 20–30 cm. Slides 
should be cleaned by detergent and water followed by etha-
nol and dried in the air before use.

 9. Careful chromosome slide preparation is the first essential 
step of a successful hybridization. Usually prepare slides 1 day 
prior to hybridization. For a long-term storage, keep slides 
in a desiccator at −20°C. To use freshly made slides, incubate 
slides in 90°C oven for 10 min, followed by a 60-min incuba-
tion in 2× SSC at 37°C and dehydration in 70, 90, and 100% 
ethanol for 2 min each.

 10. Slide pretreatment procedure may not be necessary if it is 
very clean. Enzymatic treatments reduce the background by 
digesting RNA and change the accessibility of the chromo-
some DNA by removing the cytoplasmic proteins.

11. For experiment of one slide, place the Coplin jar containing 
70% formamide denaturation solution in the 70°C water 
bath approximately 30 min prior to use to bring the dena-
turation solution to 70°C. For every extra slide, increase 
the temperature setting 0.5°C to maintain the denaturation 
temperature at 70°C. Immerse no more than four slides in 
the solution simultaneously.

12. Start the probe denaturation during pretreatment and dena-
turation of chromosome slides. Time the procedure so that 
it is completed approximately the same time as the slide 
denaturation.

13. To prevent photo bleaching, handle all reagents and slides 
containing fluorochromes in reduced light.
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14. Place the six Coplin jars containing two jars each of the 50% 
formamide in 2× SSC, 2× SSC, and PN buffer in the 42°C 
water bath approximately 30 min prior to use to bring the 
washing solutions to 42°C.

15. A normal diploid control should be set for each analysis. The 
best normal control is peripheral blood lymphocytes or bone 
marrow cells.

16. When comparing different samples, in order for the analysis 
to be accurate, equal amount of PI staining buffer should be 
added to stain equal amount of cells of different samples.

17. Cells should be analyzed within 24 h after staining for the 
best result.

18. The analysis should be performed by an experienced flow 
cytometry expert using the ModFit LT cell-cycle analysis 
software. Since researchers are generally not familiar with 
this software, it is important to have someone with experi-
ence to analyze the data.

19. The AO solution mixed with hepatan form two layers. Take 
the lower portion containing AO to stain the cells.

 20. If the nuclei look fussy under microscope when dry, 0.5 ml PBS 
can be added to the well and the image will become clear.

 21. For the criteria of identifying MN or other nuclear abnormali-
ties reflecting DNA damages such as the bridge reference can 
be seen in ?, see (9).

22. There are two tricks in decreasing the background caused by 
endogenous mouse Ig: (1) Permeabilize the tissue with 0.2% 
Triton X100 in PBS for 20 min at 4°C so that the endog-
enous Ig can be washed away in the following wash steps; 
(2) Use acetone instead of paraformaldehyde for fixation 
because paraformaldehyde can cross link proteins and make 
it hard to wash the endogenous Ig away.

23. Not all background present in a tissue section will be caused 
by endogenous mouse IgG. Appropriate negative control 
sections should be run in parallel, to rule out other possible 
causes of background.

 24. Development times may differ depending upon the level of 
antigen, the intensity of the stain that is required or the sub-
strate used.

 25. During the staining procedure, do not allow the section to dry 
out. If necessary, use a humidified chamber for incubations.

26. The 0.5% agar/medium and the melted 5% agar should 
be kept in 45°C water baths during the experiment. They 
quickly solidify at room temperature.

 27. In step 3, mixing the cell suspension with the 0.5% agar/medium 
should be done promptly and thoroughly before it solidifies.
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28. It usually takes about 3 weeks for the colonies to form. Those 
with >50 cells are counted as transformed colonies.

29. The limitations of this assay are reflected in the observa-
tions that some normal cells do grow in suspension, and that 
many human tumor cells fail to grow in suspension (11). 
Therefore, the transformation property of cells forming soft 
agar colonies should be confirmed by tumorigenesis assay by 
inoculating cells into nude mice and observing tumor forma-
tion. Focus-formation assay can also be used to test cells that 
do not form colonies in soft agar medium.
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