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Foreword 

The study of genetic variation has never been more exciting than it is at present, because of 
recent successes in linking specific variants with phenotypes and common diseases. In the last 
decade of the 20th century, the human genetics community generated linkage maps and 
applied these successfully to identify mutations in over 1000 Mendelian disorders. The appli­
cations to common diseases such as diabetes, asthma, inflammatory and infectious diseases, 
and cancer remained elusive until the advent of the human genome sequence that appeared 
quickly in the first years of the new millennium. This complete sequence made possible the 
large-scale characterization of human genome va_riation, culminating in an international con­
sortium that generated the HapMap and new technologies that ranged from extensive analy­
ses of single variants in hundreds of samples to parallel testing of hundreds of thousands of 
polymorphisms in thousands of samples. Parallel efforts in other organisms, from microbes 
to plants and animals, are proving just as exciting in linking biological variation with inher­
ited variation. A high-level view across species reveals a richness of genetic diversity within 
species that is also diverse in its appearance: single-nucleotide differences (i.e., SNPs), 
nucleotide insertions/deletions, copy number variation, chromosomal rearrangements, and 
other structural variations. 

In preparing a laboratory manual on genetic variation, the editors have assembled a 
remarkable team and generated a solid foundation for novices and experts alike. A striking 
feature of the manual is its breadth of scope, with only one of the five sections being focused 
on the traditional aspects of a laboratory manual, i.e., how to generate data (Section 2), which 
is rich in practical methods to be used in tomorrow's experiments. Whereas this section con­
tains key information to be used by laboratory staff and trainees, Sections 1 and 3 provide 
global knowledge on major aspects of genetic research, spanning study design, utilization of 
relevant databases, bioinformatics tools, statistical analyses, and interpretation. Special con­
sideration was provided to research communities interested in three plant species 
(Arabidopsis, corn, and rice) and five mammalian species (mouse, rat, cat, dog, and chim­
panzee). 

The tremendous growth of databases of human genetic variation in worldwide popula­
tions is boosting the field of population genetics and its use of new data in inferring the evo­
lutionary history of man. Section 3 includes new methods that have been developed to shed 
light on where and how natural selection acted during human evolution to shape current 
human genome diversity and, in many cases, has resulted in common variants that affect 
intermediate biological pathways associated with disease susceptibility. 

I challenge students and other readers to take the time to read the introduction, back­
ground, key concepts, and messages that are found in all sections of the manual, and not just 
to open the book to a specific protocol or reference on a particular analysis method. To under­
stand genetic variation, one needs to merge biology, technology, informatics, mathematics, 
statistics, and evolution. Although today's techniques will surely continue to evolve as quickly 

xiii 
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as they have in recent years, the founding principles that are outlined by world-class special­
ists will have lasting value and will help connect new facts and data sets into rational expla­
nations. 

Congratulations. to the editors and authors for an outstanding work! 

THOMAS J. HUDSON, M.D. 
Ontario Institute for Cancer Research 
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Preface 

Nearly two years ago, when we first embarked on this lab manual on genotyping, our first 
thought was, How long will such a manual be relevant? Would the technology being devel­
oped in the universities and commercial entities for the $1000 genome sequence make geno­
typing, as we knew it then in late 2005, obsolete? With input from both our scientific 
colleagues and our editors at Cold Spring Harbor Laboratory Press, we decided to broaden the 
scope of the manual and place genotyping into the greater context of a complete genome vari­
ation study. Because of Cold Spring Harbor Laboratory's illustrious past, we wanted to be sure 
to include information that would be of interest to researchers in both the agricultural and 
animal fields. 

In planning the sections of this manual, we thought about the kinds of information that 
might be useful to scientists at all levels of expertise. Therefore, we divided the manual into five 
sections. The first section describes study design and the tools the reader would need to under­
stand before getting started. The sheer capacity for generating genomic variation data has 9n 
addictive effect: The more you see, the more you want. However, sheer volume of data cannot 
overcome poorly planned studies. In fact, good genotyping data in a bad study design, accom­
panied by inadequate attention to statistical issues, such as that of multiple comparisons, has 
the potential to yield seemingly valid results. The contributors to Section 1 have spelled out 
these issues and more. 

Although it is easy to think that any genome study begins with choosing a method for geno­
typing, we hope that Section 1 shows the reader that a proper genetic study begins with the 
proper choice of a population and the questions to be addressed. Section 2 of this manual deals 
with the generation of genotyping and genome variation data. Divided into three parts, this 
section provides the traditional "recipe and protocol" section that one expects from the CSHL 
series of laboratory manuals. 

In Section 2, Part 1, methods are described for the isolation and preparation of nucleic 
acids, including both RNA and DNA, from various samples. Chapters 7 and 8 focus on prepa­
ration of genetic materials from plants. RNA isolation is included because in many cases it is 
easier to deal with the less complex transcriptome. Chapter 9 includes 12 protocols for DNA 
isolation from mammalian sources and includes two procedures for whole-genome amplifica­
tion, one using the polymerase chain reaction, and the second, rolling circle amplification. 
Many of these methods are available as kits from commercial suppliers. Where they can, the 
authors have included home recipes for the kit components and a troubleshooting guide. 

Section 2, Part 2, contains methods fodow- and intermediate-throughput SNP genotyping. 
This is the type of genotyping (hundreds to less than several thousand genotypes per day) that 
one would set up in an average-sized laboratory contemplating one or two medium-sized stud­
ies. The last decade has seen an explosion in the technology used for this throughput type of 
genotyping. Most of these methods can be thought of as having two components: assay and 
read-out. Example assays include single-base chain extension, TaqMan, oligonucleotide liga-

xv 
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tion, and allele-specific amplification. Read-out can be performed using gel and capillary elec-
trophoresis, fluorescence polarization, flow cytometry, etc. . 

Like DNA sequencing and oligodeoxynucleotide primer synthesis, genotyping is fungible. 
It seems likely that in the future much of the average laboratory-based genotyping will be per­
formed by outsourcing to separate core facilities, but an understanding of how the genotyping 
is generated is important in assessing its reliability. 

An important aspect of genome variation that is becoming more appreciated as more infor­
mation is revealed concerns the changes in copy number. The ability to discover and measure 
changes in chromosome copy number is becoming critical to our understanding of the differ­
ences between normal and disease states. We are fortunate to have several chapters included on 
this important topic. 

Section 3 deals with analysis of the data generated and the tools that can be used to help 
with that analysis, including strategies for SNP selection, as well as genetic association analy­
sis. In Section 4, we tried to give the reader an understanding of the current "state of the organ­
ism" for several plant and animal species that have their respective genomes sequenced and 
analyzed at various levels of completeness. We end with Section 5, describing some insights 
into human variation. • 

What's missing? We purposely did not include extensive information about ultra high­
throughput (UHT) genotyping. These initiatives are expensive, and the technology is rapidly 
changing and beyond the scope of this current effort. At one point early in our discussions, we 
considered the inclusion of a section on one or more of the excellent examples where genetic 
studies have been used to increase our understanding of a genetic disease, such as cystic fibro­
sis or diabetes. We opted instead for the section on model organisms, which we felt would be 
of a broader interest. We debated extensively about including more (and different) model 
organisms, such as Drosophila, porcine, and bovine species; but in the end, we decided that the 
group we included was enough to give the reader an understanding of the kinds of informa­
tion available. 

We thank those at Cold Spring Harbor Laboratory Press who made this project possible. We 
appreciate the efforts of the editorial staff at CSHL Press: Inez Sialiano, our project coordinator 
who helped us to cope with-even avert-natural disasters; the freelance developmental editors 
Irene Pech, Laurie Goodman, and Martin Winer; and, especially, Kaaren Janssen, for her origina­
tion, developmental editing, and project management. We also thank Denise Weiss, production 
manager; Pat Barker, production editor; and Lauren Heller, desktop editor; for their expertise in 
production of this work, and John Inglis, Executive Director of the Press, and Jan Argentine, 
Book Development, Marketing and Sales Director, for their roles in supporting the project. 

M.P.W. thanks some of the people who either directly or indirectly helped to inspire him 
and this initiative, including especially Camille Solbrig, Evan and Alan Weiner, Albert Wexler, 
Michael Fleming, Ron Yasbin, Stan Zahler, Ross McIntyre, Ed Buss, Ray Wu, Harold Scheraga, 
Joe Sorge Jr, Jay Short, Mike Luther, Dan Burns, Lee Babiss, Allen Roses, Phil Whitcome, and 
Jonathan Rothberg. 

J.C.S. takes this opportunity to thank all his friends and colleagues who have encouraged 
and mentored him throughout his career. Because that is a very long list and spans 30 years, he 
wants to single out those mentors who strove to provide the "big picture," especially as it incor­
porates population genetics: Professors Wyatt W. Anderson, John Avise, Michael Clegg, Bruce 
S. Weir, Masatoshi Nei, Wen-Hsiung Li, Ranajit Chakraborty, Frank Ruddle, Ken Kidd, and 
Stephen J. O'Brien. 

S.B.G. thanks family, friends, and colleagues at the Broad Institute for their continual 
encouragement and support during all endeavors. 

Finally, we owe a huge debt of gratitude to our authors. Their timely responsiveness to our 
comments was greatly appreciated. Their dedication to this effort was probably best exempli-
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fied by Dr. H. Leung, who managed to send us his excellent chapter on Rice (on time!) while 
in the midst of a typhoon that left his Institute bereft of electricity for a week. It was a pleas­
ure to work with all of them. 

From Mendel's peas to Darwin's finches to Benzer's bacteriophage to the deciphering of the 
human genome, there has been a continuum to the study of genetics. Both the understanding 
of our genetic heritage and the technology used to elicit that understanding have allowed a 
common lexicon to develop across all sciences. Since the unraveling of its structure more than 
50 years ago, the double helix has become much more than a biological set of instructions; it 
has become a campfire around which all scientists can converse. We hope this manual allows 
this conversation to continue. 

MICHAEL P. WEINER 

STACEY B. GABRIEL 

J. CLAIBORNE STEPHENS 
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Preparing DNA from Mammalian 
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Amrik Sahota,1 Andrew I. Brooks,1,2 and Jay A. Tischfield1

1 Rutgers University Cell and DNA Repository, Department of Genetics, Piscataway, New Jersey 08854-8082; 
2Bionomics Research and Technology Center, Environmental and Occupational Health Sciences Institute, 
University of Medicine and Dentistry of New Jersey-Robert Wood Johnson Medical School, Piscataway, 

New Jersey 08854-5635 

INTRODUCTION 

The availability of high-quality DNA from 

a large number of individuals is a prereq­
uisite for the success of genetic variation 

studies. This requirement has spurred 
major technological advances in DNA 
extraction methods. Twenty years ago, 

large-scale manual extractions took more 
than 3 days to complete. Large-scale prepa­
rations can now be completed within 
3 hours using automated extraction plat­

forms-without the need for toxic 
reagents and often with higher yields than 

in the past. Our laboratories developed an 
inorganic, salt precipitation method 
(Madisen et al. 1987; Lahiri et al. 1992) for 
DNA extraction from moderate to large 

sample volumes (3-30 ml of whole blood 
or 1 X 107 to 2 X 108 cultured cells). This 
method eliminates the hazards of phenol 

exposure to laboratory personnel and the 

environment, and all reagents are prepared 
in-house. We used this procedure for over 

15 years, but, for convenience and 
increased productivity and reliability, we 
switched to commercial reagents about 

5 years ago. Comparative studies have 
shown that DNA obtained using the in­

house manual extraction procedure is of 
equal quality to that obtained using com-
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mercial reagents. The drawback of commercial reagents is that laboratory personnel know very lit­
tle about the chemical composition of the reagents and kits they are using. We now use the in-house 
procedure as a backup, and we present it here for the benefit of laboratories that may find the pur­
chase of commercial reagents or of automayd equipment too costly.

Choice of Tissue 

The amount of DNA that will eventually be required for a given project is unpredictable. Thus, we 
prefer to extract DNA primarily from lymphoblastoid cell lines (LCLs) and secondarily from 
blood. Human LCLs are established using Epstein-Barr virus (Neitze 1986; Caputo et al. 1991). 
DNA from these sources bas been successfully assayed at multiple genotyping centers using a vari­
ety of analytical platforms (Alarcon et al. 2002; HoJmans et al. 2004; Prasad et al. 2005; Suarez et al. 
2006). With the recent development of two technologies, whole-genome amplification (WGA) 
and array-based analyses, it has been suggested that large amounts of genomic DNA may not 
always be necessary (Dean et al. 2002; Langmore 2002; Fathallah-Shaykh 2005; Dunphy 2006; 
Li et al. 2006; Quackenbush 2006; Reis-Filho et al. 2006; Tomlins et al. 2006). 

There are many options for DNA extraction on a small scale ( e.g., <0.5 ml of blood, dried 
blood spots, saliva, buccal cells, mouthwashes) (McEwen and Reilly 1994; Lum and Le Marchand 
1998; Feigelson et al. 2001; Garcia-Closas et al. 2001; Heath et al. 2001; Steinberg et al. 2002). 
Specimens such as saliva, which can be collected using noninvasive procedures, may be viable 
alternatives to blood (Steinberg et al. 2002; Rylander-Rudqvist et al. 2006). Buccal swabs and 
mouthwashes have been used in several epidemiology studies, but the DNA yield from these 
sources, especially buccal swabs, is significantly lower than from saliva samples. Saliva preserved in 
Oragene solution (DNA Genotek, Ottawa, Ontario, Canada), as described in this chapter, is also 
easier to transport than mouthwash samples. Protocols for DNA extraction from buccal swabs or 
mouthwash samples have been documented in several publications (Lum and Le Marchand 1998; 
Feigelson et al. 2001; Garcia-Closas et al. 2001; Heath et al. 2001; Steinberg et al. 2002). 

Choice of Anticoagulant 

EDTA is the anticoagulant of choice for blood collection for DNA extractions, since it inhibits 
DNase activity and does not introduce volume changes. ACD tubes can be used for blood collec­
tion, but it is important to fill them to the mark to avoid causing changes in osmolarity, which can 
affect cell lysis. Heparin should be avoided, as it can bind to DNA during purification and can 
inhibit Taq polymerase used for PCR. Irrespective of the anticoagulant, the Vacutainer tube should 
be inverted several times to mix the blood. Blood can be shipped at ambient temperature, but if 
the delay between collection and extraction is more than 3 days, there will be some degradation of 
DNA and the yield will be lower than that from fresh blood. 

Summary of Extraction 

All DNA extraction procedures involve cell lysis, protein removal, and recovery of DNA. An RNA 
removal step may be included, depending on sample type. When DNA is isolated from whole 
blood, for example, nonnucleated red cells are first lysed to separate them from white cells. The 
white cells are then lysed using an anionic detergent, which solubilizes the cellular components. 
This is done in the presence of a DNA preservative that limits the activity of DNases. Cytoplasmic 
and nuclear proteins are removed by salt precipitation. Genomic DNA is precipitated with alcohol 
and dissolved in TE buffer. A portion of the DNA is diluted to a specified concentration, and the 
stock and diluted samples are stored in small aliquots at-70°C. This avoids repeated freezing and 
thawing of a large sample, which can lead to precipitate formation. Water is not used for storage 
because of the risk of acid hydrolysis of DNA. Any contaminants in the water may also cause DNA 
degradation. 
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For accurate DNA quantification, absorbance measurements should be taken in the range of 0.1 
to 1.0. The sample dilution factor should be adjusted if the absorbance falls outside this range. 
Also, measurements should be taken in slightly alkaline buffer (10 mM Tris-HCl, 1 mM EDTA [pH 
8.0]), since absorbance measurements and hence the A

2601280 
ratio are pH dependent (Willinger 

et al. 1997). Lower pH can cause DNA degradation and can also result in a lower A
2601280 

ratio and 
reduced sensitivity to protein contamination. Water should not be used for this purpose because 
of the wide variability in pH. In addition, the calculation factor (1A

260 
= 50 µg/ml DNA) is pH 

dependent and is not strictly valid when water is used for dilution. 
DNA concentrations are routinely determined by UV spectroscopy. This method is cheap, 

rapid, robust, and semiautomated, but it measures total UV-absorbing material, which may 
include RNA in the case of DNA isolated from cell lines. (There is very little or no RNA in DNA 
isolated from blood.) Thus, in some cases, UV measurements may underestimate the amount of 
DNA. When the amount of DNA is limited, UV absorbance measurements can be made using the 
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, Delaware). This 
instrument requires 1 µl of sample, and measurements can be made without dilution. 

Automated procedures, such as those based on fluorescence, can also be used for determina­
tion of DNA concentration. Fluorescence-based methods such as PicoGreen have much greater 
sensitivity and specificity than UV-based methods, but the method of choice for a particular sam­
ple depends on the concentration range for that sample. Thus, PicoGreen would not be suitable 
for measuring "stock" DNA concentrations, and UV would be unsuitable for measuring "working" 
DNA concentrations. Alternatively, quantitative PCR (qPCR) can be used for estimating DNA 
concentrations where the concentration of the sample is expected to be quite low, as in forensic 
studies or recovery of DNA from fixed tissue (see Protocol 12). 

Electrophoresis in 1 % agarose gels shows that DNA isolated using the methods described in 
this chapter is typically >23 kb in size and is thus suitable for Southern blotting and other molec­
ular biological procedures, as well as PCR (Lahiri et al. 1992). DNA yield depends on the size, type, 
age, and quality of the starting material. A sample consisting of small cells, such as transformed 
lymphoblasts, will have a higher cell density and hence a higher DNA content than the same-sized 
sample consisting of larger cells. 

Protein, RNA, and Other Contaminants 

Good-quality DNA has a 260/280 ratio between 1.8 and 2.0. In the event a sample has a 260/280 
ratio less than 1.6 (indicative of protein contamination), it should be re-precipitated to improve 
its purity (Manchester 1995, 1996; Glasel 1997). An A

2601280 
ratio above 2.0 is indicative of RNA 

contamination, but this usually is not a problem with blood samples. RNase A treatment may be 
especially important when analyzing pooled DNA samples ( e.g., for direct estimation of allele fre­
quencies), to ensure that the pool contains equal amounts of each DNA. Any RNA contamination 
of the DNA will appear as a diffuse band near the dye front in gel electrophoresis. We have found 
that phenol-chloroform extraction is rarely required for further DNA purification and never 
since we began using the Gentra automated extraction procedure. PCR amplification shows that 
DNA extracted from saliva is contaminated with mycoplasma DNA (A. Sahota et al., unpubl.) and 
contains variable amounts of bacterial DNA, which may interfere with genotyping assays, espe­
cially those involving multiplex platforms. These contaminants have not been observed in blood 
or cell-line DNA. 

Digestion with Restriction Enzymes 

As a further check on quality, we digest each DNA sample with two different restriction enzymes 
and determine the extent of digestion with reference to a control DNA sample (cell line K562) 
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known to be completely digested with these enzymes. We use both a 6-base (EcoRI) and a 4-base 
(HaeIII) recognition sequence restriction enzyme. These digests give rise to fragment sizes span­
ning different molecular-weight ranges on agarose gels. Partial digestion with one or both 
enzymes is readily seen as higher-molecular-weight fragments outside the expected size ranges. 
Complete digestion with EcoRI also indicates that the input DNA is free of salt contamination, 
since this enzyme is highly susceptible to variations in salt concentration. Any DNA sample that 
does not show complete digestion is re-precipitated with high salt and isopropanol, and the diges­
tion process is repeated. 

This chapter presents a series of protocols for extraction of DNA from various sources includ­
ing cell lines, tissues, blood, and saliva. The chapter also includes methods for whole-genome 
amplification and extraction of DNA for forensic studies. The mention of a product or company 
name does not imply endorsement by the authors; equally effective products may be available 
from other companies. The ultimate test of the quality of a DNA sample is analysis in multiple, 
independent laboratories. DNA prepared using the methods described here has been distributed 
to numerous laboratories worldwide for genotyping studies without any problems (Alarcon et al. 
2002; Holmans et al. 2004; Prasad et al. 2005; Suarez et al. 2006). 
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Protocol 2 

Preparing DNA from Fixed Tissue: Extraction and Whole-Genome 
Amplification 

Chad Brueck, Clyde Brown, Steve Michalik, Deborah Vassar-Nieto, Ernie Mueller, and Cary Davis 

Sigma-Aldrich, St. Louis, Missouri 63103 

110 

Genomic DNA can be extracted from fixed tissues, although the inherent state of DNA degrada­
tion in these samples can present a significant problem in recovery. Whole-genome amplification 
(WGA) provides the means to amplify and effectively immortalize genomic DNA from fresh, 
frozen, archived, or chemically treated samples while maintaining genetic integrity. A significant 
advantage of this approach is its ability to amplify degraded or severely limited amounts of DNA. 

One source of such nucleic acids is the potentially data-rich formalin-fixed paraffin-embedded 
(FFPE) tissues that are obtained during medical evaluation and are often archived for decades. 
These readily available clinical materials, which often have corresponding clinical and pathologi­
cal data, are a notoriously difficult source from which to recover usable genomic DNA. There are 
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FIGURE 9-1. Results with FFPE samples. This experiment measures the relative amplification efficiencies of both 
PEP/DOP and MDA when amplifying damaged (FFPE) genomic DNA. The Y-axis is a measurement of 40 minus the 
Cycle Threshold (Ct) of a dozen gene-specific rat primers. A difference of 10 on this graph is approximately a 
thousand-fold loss in representation. These data demonstrate that GenomePlex WGA is better suited for DNA that 
has a high amount of degradation. 



Petitioner Illumina, Inc., EX1016, p. 111

MATERIALS 

Reagents 

Equipment 

METHOD 

DNA from Mammalian Sources / 111 

several hypotheses regarding DNA damage due to formalin fixation. The most common reason­
ing is that the DNA is progressively degraded through hydroxymethylation or irreversible cross­
linkage of constituent bases. In addition, formaldehyde is known to cross-link proteins directly to 
DNA through peptide moieties, such as thiol, phenolic, and terminal amino groups. Another 
hypothesis goes further and suggests that the fixation method aggregates proteins, which subse­
quently bind DNA, rendering the template inaccessible to DNA polymerases and, hence, making 
the sequences unrecoverable by most amplification methods. 

The GenomePlex WGA system is particularly well suited for these challenging degraded sam­
ples. (For a description of GenomePlex WGA strategy, see Protocol 9.) The Tissue WGA kit was 
formulated to amplify partially degraded genomic DNA from 1 mg of tissue. However, as little as 
0.1 mg of tissue has successfully been used with this product. In this approach, FFPE tissue is lysed 
and genomic DNA is released in a 1-hour proteinase K incubation. During this time, the DNA is 
partially repaired using both chemical and enzymatic ~eans. Then, an aliquot of lysate is used 
directly in the WGA reaction. The kit avoids tedious organic solvent extractions to remove excess 
paraffin, and produces on average 5-10 µg of WGA product. After purification, the WGA product 
can be analyzed in a manner similar to any other genomic or chromosomal DNA sample (see 
Fig. 9-1 for quantitative PCR [qPCR] analysis). 

This protocol is used for extraction and subsequ~nt amplification of the genomic contents of 
tissues. 

Fresh, frozen, or FFPE tissue (block or slide) 
GenomePlex Tissue Whole Genome Amplification Kit (Sigma), which includes: 

Amplification Master Mix (l0X) 
CelLytic Y Lysis Solution 
Library Preparation Buffer 
Library Preparation Enzyme 
Library Stabilization Buffer 
Nuclease-Free H20 
Proteinase K Solution 
WGA Polymerase 

Balance for measuring milligram quantities of tissue 
Pipettes and tips ( dedicated) 
Razor blade 
Spectrophotometer 
Thermal cycler (PE 9700 or equivalent) 
Thin-Walled PCR Tubes (0.2 ml or 0.5 ml), or 96-well PCR plates 

Lysis and Fragmentation 

1. Weigh out a 1-mg sample of tissue into a PCR-ready vessel. When working with FFPE tissue, 
remove excess paraffin with a razor blade. 

As little as 0.1 mg of tissue has been successfully u_sed with this kit. The minimum amount of tissue 
that can be processed should be determined empirically, starting with 1 mg of tissue. 
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2. To the sample, add 24 µl of CelLytic Y Lysis Solution and 6 µl of Proteinase K Solution. 

3. Incubate reaction at 60°C for 1 hour, then heat to 99°C for 4 minutes. 
The tissue may not be digested after proteinase K digestion. The GenomePlex Tissue Whole Genome 
A mplification Kit does not require the tissue to be completely digested. Sufficient DNA is released 
for WGA without completely digesting the tissue. 

4. Immediately cool the sample on ice, and then centrifuge briefly to consolidate the contents. 

Library Preparation 

Amplification 

5. Combine 9 µl of nuclease-free Hp and 1 µl ofthe tissue lysate from Step 4 into a fresh PCR-
ready vessel. 

6. Add 2 µl of lx Library Preparation Buffer. 

7. Add 1 µl of Library Stabilization Solution. 

8. Mix thoroughly and place in thermal cycler at 95°C for 2 minutes. 

9. Immediately cool the sample on ice, consolidate by centrifugation, and return to ice. 

10. Add 1 µl of Library Preparation Enzyme, vortex thoroughly, and centrifuge briefly. 

11 . Place sample in a thermal cycler and incubate as follows: 

i. 16°C for 20 minutes 

ii. 24 °C for 20 minutes 

iii. 37°C for 20 minutes 

iv. 75°C for 5 minutes 

v. 4°C hold 

12. Remove sample from thermal cycler and centrifuge briefly. Sample may be amplified imme­
diately or stored at -20°C for 3 days. 

13. Add the following reagents to the entire 14-µl reaction from Step 12: 

7.5 µl of IOx Amplification Master Mix 

48.5 µl of Nuclease-Free Hp 
s· µl of WGA DNA Polymerase 

14. Vortex thoroughly, centrifuge briefly, and begin thermocycling. The following profile has been 
optimized for a PE 9700 or equivalent thermal cycler: 

Cycle number Denaturation Annealing/ Extension 

1st cycle 2 minutes at 95°C 
20 cycles 15 seconds at 94 °C 4 minutes at 65°C 

15. After cycling is complete, maintain the reactions at 4°C or store at -20°C until ready for 
purification and subsequent analysis. Sigma's PCR Cleanup Kit is recommended for WGA 
DNA purification. The stability of WGA DNA is equivalent to genomic DNA stored under 
the same conditions. Sample purification is necessary prior to DNA quantitation in order 
to remove unincorporated primers that will otherwise interfere with some downstream 
applications. 
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Problem: The yield is low after cycling. 
Solution: 
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1 . The WGA reaction may be inhibited by contaminants in the tissue extract. Dilute inhibitors 
in the tissue lysate with H20 by a factor of 1:10 or more prior to continuing with library 
preparation. Alternatively, too much tissue may have been used. In this case, use less tissue. To 
test for inhibition, include a DNA control and/or spike 10 ng of purified genomic DNA tem­
plate into the proteinase K digestion. 

2. Less than 0.1-1 mg of tissue may have been weighed. Remove excess paraffin with a razor 
blade prior to weighing tissue. This ensures that an adequate amount of tissue is used in the 
subsequent proteinase K digestion. 

3. The template may have been of poor quality in FFPE tissues. Formalin fixation may irre­
versibly damage the DNA if the fixation process is carried out for excessive periods of time, or 
if the FFPE samples are improperly stored. Obtain properly fixed FFPE tissue samples. 

4. Extraction may be insufficient. Incubate samples· at 60°C for longer than 1 hour. Samples can 
be incubated for 2 hours to overnight, followed by incubation at 99°C for 4 minutes. 

5. Post-reaction purification may be inappropriate. Use a method that retains single·- and 
double-stranded DNA. Sigma's PCR Cleanup Kit is recommended. 

6. The tissue may not be digested after proteinase K digestion. The GenomePlex Tissue Whole 
Genome Amplification Kit does not require the tissue to be completely digested. Sufficient 
DNA is released for WGAwithout completely digesting the tissue. 

Problem: qPCR shows significant bias in WGA representation for the gene of interest. 
Solution: 

1 . Controls may be inappropriate. Genomic DNA can only be compared to WGA DNA once the 
control DNA has been sheared. Use several pooled samples that have been subjected to the 
fragmentation protocol, or compare against DNA subjected to hydroshearing (Thorstenson 
et al. 1998). 

2. The DNA sample may be limited or degraded. See the solution to the "low yield" problem. 

Problem: The negative (no template) control yields a product. 
Solution: One or more reagents may have been contaminated with DNA from an outside source. 

Replace the affected components. (Although this problem may not affect the results, a clean 
no-template control can only be achieved by replacing the affected components.) 
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Protocol 5 

Preparing Genomic DNA from Whole Blood: Small- and 
Mid-Scale Extraction 

Amrik Sahota,1 Andrew I. Brooks,1,2 Jay A. Tischfield,1 and Irena B. King3 

1 Rutgers University Cell and DNA Repository, Department of Genetics, Piscataway, New Jersey 08854-8082; 2Bionomics Research and 
Technology Center, Environmental.and Occupational Health Sciences Institute, University of Medicine and Dentistry of New 
Jersey-Robert Wood Johnson Medical School, Piscataway, New Jersey 08854-5635; 3Molecular Diagnostics Program, Fred Hutchinson 
Cancer Research Center, Seattle, Washington 98109 
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This protocol describes the extraction of genomic DNA from whole blood samples using 
either the QIAamp DNA Blood Mini Kits (for 200-µl samples) or the QIAamp DNA Blood 
Midi Kits (for 0.5-ml samples) . It is based on the use of affinity columns that are suitable for 
many different biological starting materials, with the initial steps being optimized for the 
DNA yields in the relevant tissues. The procedure is not high-throughput. Potential draw­
backs of making it high-throughput are lower recoveries of DNA and possible variability in 
data quality. Such approaches may require additional quality assurance and control checks. 
DNA yields for this protocol vary with the number of nucleated cells in the blood sample and 
the quality of the frozen sample. Expected yields for the small-scale prep are typically 4-12 
µg per 200 µl of blood and 25-50 µg per 200 µl of buffy coat (data from Qiagen). Expected 
yields from 0.5-ml blood samples from healthy donors are between 8 µg and 35 µg. Prior to 
performing the DNA extraction, it is advisable to become familiar with the QIAamp DNA 
Blood Mini or Midi Kit handbook. DNA banking must address confidentiality and regulatory 
issues as specified by institutional review boards, and all blood samples should be handled in 
accordance with procedures specified in the Hazard Awareness Management Manual 
(HAMM) . 

Agarose gel 
Ethanol, absolute 
Phosphate-buffered saline (PBS, sterile) 
QIAamp ~NA Blood Midi Kit solutions (Qiagen) (prepare according to QIAamp DNA Blood 

Midi Kit instruction handbook) 
Buffer AE (use as supplied) 

Extra will be needed for DNA samples which are to be normalized (see Step lOiii). 
Buffer AL (store at room temperature in the dark) 
Buffer AWl (store at room temperature) 
Buffer AW2 (store at room temperature) 
QIAGEN Protease stock solution (store at 4°C; stable for 2-3 months) 

QIAamp DNA Blood Mini Kit solutions (for small-scale extraction) 
Buffer AE (use as supplied) 
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The following three buffers are stable for 1 year at room temperature: 
Buffer AL (mix thoroughly by shaking before use) 
Buffer AWl (prepare by adding 25 ml of96-100% ethanol) 
Buffer AW2 (prepare by adding 30 ml of 96-100% ethanol) 
Protease 

Pipette 1.2 ml of the protease solvent (nuclease-free H20 containing 0.04% sodium azide) into the 
vial containing lyophilized Qiagen Protease. Store the protease in 20-µl aliquots at-20°C to prolong 
the life of the reagent. 

Samples to be analyzed: 
For small-scale extraction: Use 200 µl of blood or buffy coat sample. 
For mid-scale extraction: Prepare frozen whole blood aliquots from freshly obtained antico­
agulated blood and store at -80°C until analysis. EDTA and heparin may interfere with PCR 
reactions (Garcia et al. 2002). Extract batches of 16-20 samples. Two or more batches can be 
extracted per day, depending on the schedule. 

Bar code reader (if using bar code labels) connected. to a database 
Centrifuge (ambient temperature) equipped to fit 15-ml conical tubes 
Conical polypropylene tubes (15 ml, 2 per sample) 
Cryoboxes (9 x 9), 81 vials 
Equipment for agarose gel electrophoresis 
Heating block or water bath preset to 56°C (for small-scale extraction) 
Labels (5 per sample, white superior laser print) (Island Scientific) 
Microcentrifuge tubes (1.5-ml, DNase-free, 4 per sample) 
Micropipettors and tips (100 µ1, 500 µl, 1 ml) 
Plate reader (e.g., SpectraMax 250, Molecular Devices) 
Quartz microplates (96 well) for UV reading 
QIAamp DNA Blood Midi Kit (100) (for mid-scale extraction; Qiagen) 
QIAamp DNA Blood Mini Kit (for small-scale extraction; Qiagen) 
Racks for 15-ml and microcentrifuge tubes 
Vortex mixer 
Water bath, preset to 37°C and 70°C 

Small-Scale DNA Extraction (A. Sahota, A.I. Brooks, and J.A. Tischfield) 

1. Dissolve any precipitate in Buffer AL by incubating at 56°C. Add 200 µl of sample (blood or 
buffy coat) to a microcentrifuge tube containing 20 µl of Qiagen Protease (or proteinase K). 
If the sample volume is less than 200 µl, add enough PBS to bring the volume to 200 µl. Mix 
by pipetting up and down. 

Protease is the recommended enzyme for cell lysis, but proteinase K is preferred for tissue samples or 
when the lysis buffer contains high concentrations of EDTA or SDS. 

2. Add 200 µl of Buffer AL to the sample, vortex for 15 seconds, and incubate in a water bath or 
heating block at 56°C for 10 minutes. Pulse-centrifuge the tube after incubation to bring the 
sample to the bottom of the tube. Add 200 µl of 100% ethanol to the sample and vortex for 
15 seconds. Pulse-centrifuge again to remove droplets from inside the lid. 
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3. Add the mixture (620 µl) to the QIAamp spin column without wetting the rim. Centrifuge at 
8000 rpm ( 6000g) for 1 minute in a microcentrifuge. Discard the collection tube containing the 
filtrate into a bottle containing disinfectant (Lysol) and transfer the column to a new 2-ml col­
lection tube. Add 500 µI of Buffer AWl without wetting the rim. Centrifuge as above, discard the 
collection tube containing the filtrate, and transfer the column to a new 2-rnl collection tube. 

4. Add 500 µl of Buffer AWl without wetting the rim. Centrifuge at 8000 rpm for 1 minute. 
Discard the collection tube containing the filtrate, and transfer the column to a new 2-ml col­
lection tube. Add 500 µl of Buffer AW2 without wetting the rim. Centrifuge at 14,000 rpm 
(20,000g) for 3 minutes. Discard the collection tube containing the filtrate and transfer the 
column to a new collection tube. 

5. Centrifuge at 14,000 rpm for 1 minute to remove any buffer carryover. Place the QIAamp spin 
column into a clean 1.5-ml microcentrifuge tube and discard the collection tube containing 
any remaining filtrate. Elute the DNA by adding 200 µI of Buffer AE to the column. Incubate 
at room temperature for 5 minutes, then centrifuge at 8000 rpm for 1 minute. 

6. Quantify the DNA and analyze using PCR. Keep the DNA at 4°C while in use, or at-70°C fo r 
long-term storage. 

Typical DNA yields are 4-12 µg per 200 µ1 of blood and 25-50 µg per 200 µI of buffy coat ( data 
from Qiagen). Qiagen columns copurify DNA· and RNA. This is not a problem with blood samples, 
which contain very little RNA. If RNA-free DNA is required, add 20 µZ of an RNase A solution 
(20 mg/ml) to the sample prior to the addition of buffer AL. 

Mid-Scale DNA Extraction (I.B. King) 

1. To thaw frozen whole blood samples, incubate them for 15 minutes at 37°C, and then keep on 
ice during setup. • 

Anticoagulated whole blood aliquots must be thawed rapidly and then kept refrigerated or on ice. 

2. Pipette 0.5 ml of whole blood into a 15-ml conical polypropylene centrifuge tube and add 
0.5 ml of cold sterile PBS. Add 100 µl of Qiagen Protease stock solution and 1.2 ml of Buffer 
AL to the sample. Cap and mix thoroughly by vortexing for 15 seconds. Incubate sample in a 
water bath at 70°C for 10 minutes. 

3. Remove sample from the water bath and add 1 ml of ethanol. Mix again by vortexing for 
15 seconds. 

4. Carefully transfer all of the solution to the QIAamp Midi column placed in a 15-ml conical 
tube. Avoid spilling and do not moisten the rim of the QIAamp Midi column. Close the cap 
and centrifuge at 1850g (about 3000 rpm) for 3 minutes. 

Wipe tubes with tissue at each centrifugation step to prevent any cross-contamination during 
• centrifugation. 

5. Remove the QIAamp Midi column, discard the filtrate, and place the QIAamp Midi column 
back into the 15-rnl centrifuge tube. Carefully, without moistening the rim, add 2 ml of Buffer 
AWl to the QIAamp Midi column. Close the cap and centrifuge at 4500g (about 5000 rpm) 
for 1 minute. 

6. Carefully, without moistening the rim, add 2 ml of Buffer AW2 to the QIAamp Midi column. 
Close the cap and centrifuge at 4500g (about 5000 rpm) for 15 minutes. 

7. Place the QIAamp Midi col~mn in a clean 15-ml centrifugation tube, and discard the collec­
tion tube containing the filtrate. Add 100 µl of Buffer AE, equilibrated to room temperature. 
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Pipette directly onto the membrane of the QIAamp Midi column an·d close the cap. Incubate 
at room temperature for 5 minutes. Centrifuge at 4500g (about 5000 rpm) for 5 minutes. 

8. For maximum DNA yield, pipette 100 µl of fresh Buffer AE, equilibrated to room tempera­
ture, onto the membrane of the QIAamp Midi column. Incubate at room temperature for 
5 minutes. Close the cap and centrifuge at 4500g (about 5000 rpm) for 5 minutes. Discard the 
QIAamp Midi column and securely cap the tube. 

9. Refrigerate extracted DNA until it is quantified and aliquoted. 

10. Once 90 extractions ( or 6 batches) are completed, batch the extracted DNA for microplate 
quantification. Analyze further as follows: 

i. Perform microplate DNA quantification. 

ii. Dedicate 50-100 ng of each sample for DNA quality evaluation on an agarose gel. Score 
the gel visually as follows: 0 = very good, 1 = good, 2 = poor. 

iii. To prevent freeze/thaw complications, for each sample make 1 aliquot of the parent stock 
vial and 3 daughter aliquots of normalized vials. The original final volume of the stock 
vials is based on 150 µl, and daughter aliquots are arbitrarily normalized to a DNA 
concentration of 30 ng/µ1, containing approximately 250 ng of DNA total per aliquot. To 
do this, add calculated volumes of buffer to·suitable concentrations of DNA samples and 
divide into aliquots. 

When original yields are low, do not normalize; i.e., leave at original concentrations if less than 
30 ng/µl . 

11 . Prepare the samples for freezing as follows: 

i. Use preprinted bar code labels and affix them to microcentrifuge tubes prior to filling the 
tubes with samples. Give each sample a unique number. Cross-check labeled vials against 
tracking batch forms for errors. Use unique labels for stock solutions. 

ii. Make sure all microcentrifuge vials are capped securely. Place the aliquots upright in 9 x 9 
cryoboxes, starting at the upper-left corner of the box and placing one vial per box in con­
secutive order. Place stock and aliquot samples separately and mark clearly on the outside 
of the boxes. The naming convention for labels can be "Study Name, Type of Sample ( whole 
blood DNA), Volume, and Box Number in Series." Verify vial order with the database. 

iii. Freeze at -80°C for long-term storage. 
DNA extraction, quantification, and normalization tracking forms should accompany the 
samples at all times, with well-defined quality control checks. 
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Preparing DNA from Blood: Large-Scale Extraction 

Amrik Sahota, 1 Andrew I. Brooks, 1,2 and Jay A. Tischfield1 

1 Rutgers University Cell and DNA Repository, Department of Genetics, Piscataway, New Jersey 08854-8082; 2Bionomics Research and 
Technology Center, Environmental and Occupational Health Sciences Institute, University of Medicine and Dentistry of New Jersey-Robert 
Wood Johnson Medical School, Piscataway, New Jersey 08854-5635 

MATERIALS 

Reagents 

124 

This protocol describes methods for the large-scale extraction of DNA from blood using either 
in-house or commercial (PUREGENE) reagents. Also included is a method for DNA extraction 
from blood samples that are compromised or clotted. 

CAUTION: See Appendix for appropriate handling of materials marked with <!>. 

Agarose gel (1 % ) 
Chloroform <!> 
Ethanol (70%) 
Ethidium bromide <!> 
Isopropanol <!> 
NaCl (0.85%) 
NaCl (6 M, saturated solution) 
155 mM NH4Cl <!>/170 mM Tris (pH 7.7) (prewarmed to 37°C) 
Proteinase K (41.7 mg/ml stock solution in Hp) <!> 
PUREGENE reagents (Gentra Systems) (for commercial reagent method and for compromised 

or clotted blood sample method) 
Cell Lysis Solution (D-50K2) 
DNA Hydration Solution (D-50K4) 
Glycogen Solution (20 mg/ml, R-5010) (for compromised or clotted blood sample method) 
Protein Precipitation Solution (D-50K3) 
RBC Lysis Solution (D-50Kl) 
RNase A (D-50K6) (Optional; see Method 2, Step 3) 

Restriction enzymes: EcoRI and HaeIII 
RNase A<!> (DNase-free, 10 mg/ml) (Optional; see Method 1, Step 5) 
SDS (20%) <!> 
TE buffer (lx) (10 mM Tris-HCl, 1 mM EDTA [pH 8.0]) 
TKM #2 lysis buffer (10 mM Tris-HCl, 10 mM KCl, 10 mM MgC12 hexahydrate, 2 mM EDTA, 

0.4 M NaCl [pH 8.0]) 
Whole blood collected in EDTA 

In-house reagent method: 1-3 tubes, typically 8 ml per tube 
Commercial reagent and compromised or clotted blood sample methods: 5-10 ml 
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Absorbent paper (for commercial reagent method) 
Allegra GS-6 centrifuge with rotor GH-3.8 (Beckman), or a similar tabletop centrifuge 
Biological waste bottle containing disinfectant ( e.g., Lysol) 
Centrifuge tubes (50-rnl conical) 
Cryogenic vials (1-ml and 2-ml, bar coded) 
Fishhook (made from a glass Pasteur pipette) 
Heating block preset to 56°C ( optional) 
Ice (for compromised or clotted blood sample method) 
Incubator preset to 56°C 
Orbital shaker 
Rocking platform 
Spectrophotometer 
Transfer pipette (plastic) 
Vortex mixer 
Water bath preset to 37°C 

Large-Scale Extraction Using In-House Reagents 

1 . Isolate white blood cells (buffy coat) from 1-3 tubes of whole blood collected in EDTA. 
Centrifuge the tubes at 3000 rpm for 10 minutes in an Allegra GS-6 centrifuge with rotor GH-
3.8, or a similar tabletop centrifuge. 

2. Using a plastic transfer pipette, transfer the huffy coat layer into a 50-ml conical centrifuge 
tube. Save the top layer (containing plasma and platelets) at -70°C in case it is needed for 
(future) biochemical studies. Pool the bottom layer (containing red cells) into one of the 
blood tubes and store at -20°C or -70°C. 

These samples contain sufficient numbers of immature (nucleated) red cells and white blood cells 
for isolation of small amounts of DNA. Use these to resolve any sample identity problems. The stored 
samples may be discarded once sample identity is no longer an issue. 

3. Add 40 ml of 155 mM NH4Cl/170 mM Tris (pH 7.7) (prewarmed to 37°C) to the huffy coat 
layer, mix slowly, .and incubate for 7 minutes in a 37°C water bath. 

This step lyses the red cells in the buffy coat and releases hemoglobin. The time and temperature are 
critical. Red cell lysis is not complete at lower temperatures or shorter times. White blood cell lysis 
can occur if the sample is left to incubate (anger, and this can decrease the DNA yield. 

4. Centrifuge the tube at 3000 rpm for 10 minutes and discard the supernatant into a biological 
waste bottle. Resuspend the white cell pellet in 40 ml of 0.85% NaCl, centrifuge again, and dis­
card the supernatant. 

This step removes any remaining hemoglobin. The pellet should be off-white at this stage; if it is not, 
the resulting DNA may need to be purified further after the extraction. 

5. Resuspend the pellet in 6.4 ml of TKM #2 lysis buffer, followed by 200 µl of 20% SDS (0.6% 
final) and 50 µl of proteinase K (300 µg/ml final). Incubate the tubes at 56°C for 1-2 hours in 
an orbital shaker. After this point, the samples can be left at room temperature overnight or over 
the weekend. RNase treatment is usually not necessary for DNA isolated from whole blood. If 
necessary, before the addition of proteinase K, add 25 µl of DNase-free RNase ( 10 mg/ml) to give 
a final concentration of 35 µg/ml, and incubate the sample at 37°C for 30 minutes. 
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METHOD 2 

These reagent volumes are for a white cell pellet of approximately 1 x 108 cells, which is typically 
obtained from about 20 ml of blood with a normal white cell count ( 4 x 106 to 8 x 106 per ml of 
blood). Reagent volumes may need to be increased or decreased depending on the pellet size. 

6. Add 2.4 ml of 6 M saturated NaCl solution (1.6 M final) to the sample. Vortex the tube for 
15 seconds and then allow it to stand at room temperature for 5 minutes to denature and pre­
cipitate proteins. Centrifuge at 3000 rpm for 10 minutes and transfer the supernatant to a new 
50-ml conical centrifuge tube without disturbing the protein pellet. 

7. Add an equal volume of room-temperature isopropanol to the supernatant and invert the 
tube several times to precipitate the DNA. Using a fishhook (made from a glass Pasteur 
pipette), pull the DNA strands out of isopropanol and rinse them twice with 70% ethanol. 
Transfer the tip of the fishhook with the attached DNA into a 2-ml bar-coded cryogenic vial 
and add one ml of lx TE buffer. Then add one drop of chloroform to the vial and place it on 
a rocking platform until the DNA has completely dissolved (several days). 

8. Determine the concentration of DNA by taking absorbance measurements at 260 nm and 
280 nm in a spectrophotometer. Program the spectrophotometer to automatically calculate 
the DNA concentration, yield (based on original blood volume), and A2601280 ratio, and upload 
these data into a DNA database. 

The DNA yield is in the range of 15-35 µg/ml whole blood (depending on white cell count) and the 
yield from a 20-ml blood sample is around 480 µg. The A2601280 ratio is around 1.9. 

9. Check the DNA quality as follows: 

i. Digest 1 µg of DNA with the restriction enzymes EcoRI and HaeIII (in separate reac­
tions). 

ii. Perform electrophoresis of the digests on a 1 % agarose gel. 

ii. Stain the gel with ethidium bromide. 
There should be very little or no undigested DNA. Run an aliquot of the undigested DNA on 
the gel as well, to check that the DNA is of high molecular weight (>23 kb). 

10. Aliquot the stock DNA into two or more 2-ml bar-coded cryogenic vials and store them at 
-70°C. To minimize freezing/thawing of stock DNA, prepare dilutions at 100 ng/µl (or 
another specified concentration) with lX TE buffer and distribute 300 µl (30 µg of DNA) into 
each of six 1-ml bar-coded cryogenic vials. Store at -70°C for distribution to genotyping 
centers, in-house PCR analysis, etc. 

Large-Scale DNA Extraction Using Commercial Reagents 

There are many commercial reagent kits for large-scale DNA extractions. After extensive valida­
tion studies, we adopted the PUREGENE procedure for large-scale DNA extractions from 
blood. 

1. Transfer 5-10 ml of blood collected in EDTA tubes into a 50-ml conical centrifuge tube. 
Add RBC Lysis Solution (total volume of blood and lysis solution should equal 40 ml). 
Gently invert the tube several times to mix the contents. Incubate at room temperature for 
7 minutes. 

2. Centrifuge the samples in: an Allegra GS-6 or similar centrifuge at 3600 rpm for 5 minutes to 
collect the white blood cells. Pour off the supernatant into a waste beaker. Resuspend the pel­
let in the residual liquid and add 10 ml of Cell Lysis Solution. Mix several times with a pipette 
to lyse the cells. Samples can be left in Cell Lysis Solution for at least 2 years. 
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3. If RNase treatment is required, add 50 µl of RNase A (4 mg/ml), mix by inverting several 
times, and incubate the samples at 37°C for 15 minutes. Cool the samples to room tempera­
ture and add 3.33 ml of Protein Precipitation Solution. Vortex for 15 seconds to mix the 
Protein Precipitation Solution with the cell lysate. 

4. Centrifuge samples at 3600 rpm for 5 minutes. The precipitated proteins should form a tight, 
dark pellet. Pour the DNA-containing supernatant into a 50-ml conical centrifuge tube and 
add 10 ml of isopropanol. Gently invert the tubes 20 times to precipitate the DNA. Centrifuge 
the samples at 3600 rpm for 5 minutes to collect the DNA. Pour the isopropanol supernatant 
into a waste container and invert the tube with the DNA pellet onto clean absorbent paper for 
60 seconds. 

5. Add 10 ml of 70% ethanol to the pellet and invert the tube several times to wash the pellet. 
Centrifuge the samples at 4200 rpm for 15 minutes to collect the DNA. Pour off the ethanol 
into a waste container, invert the tube onto clean absorbent paper for 60 seconds, and air-dry 
it for a few minutes. 

6. Dispense 1 ml of DNA Hydration Solution to rehydrate the DNA pellet. Incubate in an orbital 
shaker for 1 hour at 56°C. Transfer the DNA into a 2-ml cryogenic vial and place on a rock­
ing platform at room temperature until the DNA has completely dissolved (several days). 

7. Determine DNA quantity and quality and prepare aliquots for long-term storage (see Steps 
8-10 in Method 1). 

The typical yield from 10 ml of blood is 300 µg of DNA (range 150- 500 µg), depending on white 
cell count. The DNA is of high molecular weight (>23 kb) and is readily digested with a variety of 
restriction enzymes, including EcoRI, HaeIII, HinDIII, and PstI. The DNA is reported by Gentra to 
be stable for at least 10 years at - 80°C. 

Compromised or Clotted Blood Samples 

Compromised blood samples include the following: (1) samples that spent more than 3 days in 
transit; (2) samples that have been stored at 4°C for more than 1 week; (3) samples that have been 
stored at - 20°C or -70°C; and ( 4) samples that were not mixed properly upon collection or were 
collected incorrectly in a red top (clot) tube. For such samples, use the following method, which 
is based on Gentra Systems protocols. 

1. If the compromised sample is frozen, thaw it quickly at 37°C and transfer it to a 50-ml coni­
cal centrifuge tube. Make the volume up to 40 ml with RBC Lysis Solution. Mix well and incu­
bate at room temperature for 5 minutes, mixing at least once during the incubation. 
Centrifuge at 3600 rpm for 5 minutes. Pipette off most of the supernatant, leaving about 4 ml 
of liquid iri the tube. Vortex for 30 seconds to resuspend the cells in the liquid, add 10 ml of 
Cell Lysis Solution, and vortex again. 

2. Incubate at 37°C for at least 2 hours or at room temperature overnight. The sample should be 
homogeneous after the incubation. Cool the samples on ice for 5 minutes, add 4.5 ml of Protein 
Precipitation Solution, and vortex for 20 seconds. Centrifuge at 3600 rpm for 10 minutes. Transfer 
the supernatant containing DNA into a clean 50-ml conical centrifuge tube and add 13.5 ml of iso­
propanol and 133 µl of Glycogen Solution (20 mg/ml). Invert the tube several times to mix. 

3. Centrifuge at 3600 rpm for 5 minutes to collect the DNA. Discard the isopropanol, drain the 
tube, and rinse the pellet with 70% ethanol. Centrifuge at 4200 rpm for 15 minutes, discard 
the ethanol, drain the tube, and air-dry the pellet. Rehydrate the DNA in 500 µl of DNA 
Hydration Solution. 
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4. Use the following modifications of this method for clotted samples: 

1. After adding the RBC Lysis Solution, vortex the sample at high speed and then place it on 
a rotator at room temperature for 5 minutes to disperse as much of the clot as possible. 

11. Centrifuge at 3600 rpm for 5 minutes, discard the supernatant, and resuspend the pel­
let in 10 ml of RBC Lysis Solution. Repeat the vortexing and incubation steps. 

m. Centrifuge the sample, discard the supernatant, and resuspend the pellet in about 400 µl 
of the residual liquid. 

1v. Add 10 ml of Cell Lysis Solution and 50 µl of Proteinase K Solution (20 mg/ml), vortex, 
then incubate at 56°C for 2 hours to overnight, until the clot has dissolved completely. 

v. Cool the sample on ice for 5 minutes, add 3.3 ml of Protein Precipitation Solution, and 
vortex at high speed. 

v1. Centrifuge at 3600 rpm for 10 minutes, cool the sample on ice for 5 minutes, and trans­
fer the supernatant containing the DNA into a clean 50-ml conical centrifuge tube. 

vu. Add 10 ml of isopropanol containing 20 µl of Glycogen Solution (20 mg/ml). 

viii. Wash with 70% ethanol and rehydrate the DNA in 500 µl of DNA Hydration Solution. 
DNA yield from compromised blood samples is approximately half that from fresh blood, due 
to the action of DNases and lysis of white cells during freezing and thawing. The yield from 
clotted samples is even lower. 
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Comparative Genomic Hybridization 
to Detect Variat_ion in the Copy 
Number of Large DNA Segments 

Ilona N. Holcomb and Barbara J. Trask 

Human Biology Division, Fred Hutchinson Cancer Research Center, Seattle, Washington 98109; 
Department of Genome Sciences, University of Washington, Seattle, Washington 98105 

INTRODUCTION 

Genome"wide scans of the human genome 
reveal an extraordinary degree of variation 
in the copy number oflarge DNA segments 
(Iafrate et al. 2004; Sebat et al. 2004; Sharp 
et al. 2005). The variations observed 
include insertions, deletions, and duplica­
tions. A single variant can encompass mul­
tiple genes and millions of base pairs of 
sequence. A segment of > 1 kb that is pres­
ent at a variable copy number in compari­
son with a reference genome is called a copy 
number variation (CNV). Classification of 
CNV frequency and location, on the scale 
accomplished for single-nucleotide poly­
morphisms (SNPs), is under way and will 
reveal the subset of CNVs that are present 
in > 1 % of the population ( defined as copy 
number polymorphisms [ CNPs] by Feuk et 
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al. 2006). Ultimately, genomic catalogs of CNVs and analysis of their gene content will help us 
understand how this type of genomic variation contributes to normal phenotypic variation and dis­
ease susceptibility. A powerful tool that is capable of providing comprehensive analysis of large-scale 
variation is called array comparative genomic hybridization (array CGH). 

Array CGH scans the genome at thousands of points for copy-number differences between a 
test and a normal reference DNA. Figure 14-1 shows an overview of array CGH. The test and ref­
erence genomes are differentially labeled with fluorescent dyes and compete for hybridization on 
an array of target spots, with each spot representing a given DNA sequence. The DNA in the tar­
get is either spotted or synthesized directly onto the array surface (typically a glass slide), usually 
in duplicate or triplicate. For each target spot, the ratio of test DNA fluorescence to reference DNA 
fluorescence is calculated and interpreted as a relative loss (ratio < 1 ), gain (ratio> 1 ), or no change 
(ratio"" 1). The strength of this whole-genome scan is that the exact genomic location in the draft 
sequence is known for all target spots. Consequently, we know the gene content of the locus rep-

221 
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FICU RE 14-1. An overview of array CGH . The test DNA and reference DNA are differentially labeled with dNTP 
conjugated to fluorescent dyes. The labeled material is then cohybridized in the presence of Cot1 DNA to sup­
press the hybridization of repetitive elements found in either the labeled sequences or array elements. In this 
example showing the copy number changes for a prostate tumor, the ratio of fluorescence of test to reference DNA 
is calculated and log (base 2) transformed for each array element. For the plot shown, the Y-axis is the log2 ratios 
and X-axis is the genomic position in Mb separated by chromosome. Deviations significantly below a log2 ratio of 
0 are classified as a relative reduction in the copy number of the test DNA; deviations significantly above a log2 
ratio of Oare classified as ·a relative increase in the copy number of the test DNA; and a log2 ratio close to O is clas­
sified as no change. 

resented by a given target spot; i.e., the region between the previous target and the next target 
along the chromosome. 

The concept of array CGH began with a technique called fluorescence in situ hybridization 
(FISH), a classic tool of cytogeneticists. In FISH, a fluorescent probe representing 5-200 kb of 
genomic sequence is hybridized to metaphase or interphase nuclei to ascertain the location(s) and 
copy number of that sequence. Conventional CGH is a whole-genome adaptation of FISH which 
employs the same principles that we now use for array CGH, except that the platform on which 
hybridization occurs in conventional CGH is metaphase chromosomes. Conventional CGH was 
originally developed to characterize gross copy number changes in the lesions of cancer patients 
(Kallioniemi et al. 1992). Although conventional CGH was a groundbreaking technology, it is 
time-consuming, requires the ability to accurately karyotype the human genome, and only 
crudely resolves the boundaries and locations of the .chromosomal abnormalities. 

A tremendous advance came with the advent of the first array CGH systems (Solinas-Toldo et 
al. I 997; Pinkel et al. 1998). These initial systems used the competitive principles of conventional 
CGH and an array platform composed of thousands of genomic clones. The resulting technology 
was high-throughput and had a resolution of approximately 1.5 Mb (versus 20 Mb for conven­
tional CGH). Most importantly, every clone used was positioned on the draft of the human 
genome by a PCR-assayed sequence-tagged site (STS), an end sequence, or its_ full sequence. Array 
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CGH quickly became a staple of cancer genomics research and is increasingly used to detect 
abnormalities in congenital disorders. Now, array CGH is becoming an important tool in the 
effort to characterize the location, frequency, and gene content of CNVs. 

Array CGH is an excellent tool to scan the genome for CNVs when used conscientiously. This 
chapter is intended to provide an understanding of the basic principles of array CGH and the dif­
ferent options available to the user to design their array CGH experiments. Specifically, the six 
subsections discuss the different array platforms available, test and reference DNA preparation, 
reference DNA choice, the basics of hybridization, data processing, and our current understand­
ing of CNV s in the human genome. 

ARRAY CGH PLATFORMS 

BAC Arrays 

Ideally, one would use the array platform with the highest resolution across the human genome 
(i.e., the highest number of targets per 3000 Mb) and the greatest sensitivity to copy number 
changes (e.g., the ability to report single-copy as well as multi-copy changes). However, these two 
desirable features are currently not united on the same array platform. The relationship between 
genomic resolution and copy number change is discussed for each of the four platforms covered 
in this section: bacterial artificial chromosome (BAC), oligonucleotide, SNP, and cDNA arrays. 
Arrays whose targets are composed of large genomic clones like BACs (100-200 kb of sequence) 
are very sensitive to genomic changes but typically have low genomic resolution ( - 1.5 Mb) 
(Albertson et al. 2000). A newer generation of arrays made up of oligonucleotides (20-100 bp of 
sequence) has a resolution down to the hundreds and even tens of kilobases, but has not been as 
sensitive to copy number differences as BAC arrays (Barrett et al. 2004; Carvalho et al. 2004; Sebat 
et al. 2004). Thus, the benefit of higher resolution is obtained possibly at the expense of sensitiv­
ity. Beyond these conceptual issues, practical considerations for platform choice include the min­
imum amount of test DNA required for array analysis and the relative price of each array. All of 
these topics for each array CGH platform are discussed in the following paragraphs. 

Arrays oflarge genomic clones (mainly BAC clones) were the first array CGH platforms (Solinas­
Toldo et al. 1997; Pinkel et al. 1998). A massive effort to sequence and map thousands of BAC 
clones made them optimal targets for site-specific copy number analysis (Cheung et al. 1999, 2001; 
Korenberg et al. 1999; Leversha et al. 1999; Kirsch and Ried 2000; Kirsch et al. 2000). Initially, thou­
sands of BACs were sequenced-linked to the draft of the genome by BAC-end sequences or STSs, 
or because they had been chosen for complete sequencing as part of the Human Genome Project 
( Cheung et al. 2001; McPherson et al. 2001). Then, FISH mapping by the BAC resource consortium 
(Cheung et al. 2001) helped discriminate BACs that represented single or multiple locations (e.g., 
those containing recently duplicated sequences). This multitude of BACs is easily accessible from 
the BACPAC Resources Center (BPRC) (http://bacpac.chori.org/) and from a number ofother dis­
tribution centers (http://www. ncbi.nlm.nih.gov/genome/clone/distributors. html). BAC clones 
contain 100-200 kb of genomic sequence, 104 times longer than the average sequence length of a 
target on an oligonucleotide array. These large genomic clones typically give more intense signals 
than shorter array targets, which theoretically result in better sensitivity to copy number changes. 
Generally, the BACs are spotted at approximately one clone per megabase across the genome. This 
translates to roughly 3000 array target spots. 

The number and availability of well-mapped BACs have driven the production of higher-density 
arrays for the entire genome or specific regions. An example of the former is a newer generation of 
BAC arrays, called tiling arrays, which contain overlapping BACs collectively spanning the euchro­
matic portions of the genome (Ishkanian et al. 2004; Krzywinski et al. 2004; Li et al. 2004). Tiling 

C 
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arrays are an excellent tool to achieve a high-resolution analysis of a test genome, but the demands of 
producing and maintaining the approximately 30,000 clones that are required for a full genomic 
tiling path may limit their widespread use. A tiling array made up of clones from a single chromo­
some is easier to generate and is a very effective way to get a representative analysis of the whole 
genome (Woodfine et al. 2004) or to specifically interrogate at high resolution a chromosome that is 
implicated in a particular disease (Ammerlaan et al. 2005). Another efficient method to interrogate 
particular regions of the genome that are not covered well by standard BAC arrays is to use a targeted 
array enriched for the regions of interest. A good example of a targeted array is the segmental dupli­
cation (SD) array used by Sharp et al. to study CNVs (Sharp et al. 2005). Most array platforms are 
designed to exclude SDs, which are large regions ( > 1 kb) of high sequence identity ( >90%) in more 
than two locations in the genome. Several lines of evidence suggest that CNV s are enriched in regions 
of the genome containing SDs when compared to other genomic loci (see below, Exploring the 
Genome for CNVs; Iafrate et al. 2004; Sebat et al. 2004; Sharp et al. 2005). Thus, SD-poor arrays may 
result in observations of fewer CNVs than arrays that include sequences in or near SDs. 

The three benefits of using a BAC array are that they are cost-effective, compatible with con­
siderably less starting material than other platforms, and FISH-verifiable. First, BAC arrays are 
relatively inexpensive, at about one-third the total setup and processing cost of most high-resolu­
tion oligonucleotide-based arrays. Second, amplified material from as little as 10 ng of DNA can 
produce good data on BAC arrays (Guillaud-Bataille et al. 2004; Little et al. 2006). We have found 
that BAG arrays are compatible with amplified material from as few as 10 cells, which is 30,000 
times less starting material than is needed for most other array platforms (I. Holcomb, unpubl.). 
Finally, an exceptional feature of BAC arrays is that the very same BACs reporting interesting 
changes can be used for FISH verification. Figure 14-2 shows an example of the FISH analyses 
used by Iafrate et al. to confirm copy number differences observed by BAC array (Iafrate et al. 
2004). In this figure, they FISH-verify loss, gain, and no change for 3 individuals for the most 
prevalent CNV in their study (27/55 individuals). They and other workers have also used quanti­
tative PCR to validate their findings. 
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FIGURE 14-2. FISH verification by Iafrate et al. of the most common variant clone (BAC RP11-259N12) 
detected in their sample population. The copy number differences observed reflect differing numbers of tandem 
repeats in amylase genes contained within the clone. High-resolution fiber FISH was done on stretched DNA fibers 
using a SpectnJm Green-labeled RP11-259N12 probe cohybridized with a 5' amylase gene probe (green) and a 3' 
amylase gene probe (red) to verify array CGH profiles (not shown) that indicated relative losses, normal ratios, or 
relative gains for the CNV represented by BAC RP11-259Nl 2 in three unrelated healthy individuals. The three 
photos on the left show the FISH results for each case . The case with a relative loss showed 6 gene signals (a), the 
case with a normal ratio showed 9 gene signals (b), and the case with a relative gain showed 12 signals (c). 
Quantitative PCR results done on DNA from the same individuals (shown in the panel on the right) were consis­
tent with the array CGH and FISH findings. (Modified, with permission, from Iafrate et al. 2004 [© Macmillan].) 
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Oligonucleotide Arrays 

SNP Arrays 

Oligonucleotide arrays are high-density arrays made up of short (20-100 bp) sequences. The exact 
location(s) of each sequence is known in the near-finished sequence of the human genome. These 
arrays are usually synthesized in situ directly onto the array surface-a procedure considerably less 
labor-intensive than maintaining and spotting cloned sequences. The production of an array with 
exceptionally high genomic resolution is possible due to the short length and ease of production 
of oligonucleotides. The genomic resolution of current oligonucleotide arrays is 30- 50 kb, and 
efforts are ongoing to produce arrays with even higher resolution. In general, the oligonucleotide 
array targets are designed to exclude sequences that may decrease the ratio of signal to noise ( e.g., 
SDs, short interspersed elements [SINES], long interspersed elements [LINES], and Alus). 
Unfortunately, the omission of SDs may decrease the observed numbers of CNVs (see above, BAC 
Arrays). However, the absence of the highly repetitive elements of the genome in the array targets 
will not only increase the signal-to-noise ratio, but may also reduce the required amount of the 
expensive repetitive blocker, Cotl DNA (see below, Hybridization). To further increase signal over 
noise, Lucito et al. (2003) developed a method known as representational oligonucleotide 
microarray analysis (ROMA). ROMA is discussed in greater detail in the following chapter. In 
brief, ROMA involves a decrease of the complexity of test and reference DNA by BglII digestion 
and then amplification by ligation-mediated PCR. The 11rray target sequences are designed to 
complement the amplified restriction fragments, thus increasing the specificity and enhancing the 
kinetics of the hybridization. 

Two classes of oligonucleotide arrays, short ( ~20-mers) and long ( ~ 70-mers), are currently in 
use. The majority of short oligonucleotide arrays are SNP arrays. Longer oligonucleotide arrays 
were developed to optimize the balance between the specificity of the short sequences and the sen­
sitivity of arrays with longer sequence targets. Long oligonucleotide arrays that are reported to be 
capable of detecting single-copy changes are commercially available from NimbleGen (Madison, 
Wisconsin) and Agilent (Palo Alto, California). Many companies that provide oligonucleotide 
arrays, including those that provide SNP chips, also make custom arrays that are targeted to spe­
cific regions of interest. 

SNP arrays are a specialized class of short oligonucleotide arrays that were originally developed 
for genome-wide genotyping. More recently, SNP arrays have become suitable platforms for 
array CGH. Companies such as Affymetrix (Santa Clara, California) and Illumina (San Diego, 
California) have developed' software that identifies copy gains and losses within the SNP array 
results. The hybridizations on SNP arrays are not true competitive experiments. To ascertain 
copy number differences, the hybridization intensities obtained from the test DNA are com­
pared with average values derived from controls hybridized to separate arrays. However, the 
experimental design and the data obtained from SNP arrays are analogous to those of other 
array CGH platforms. Over time, the resolution of SNP chips has increased dramatically. The 
latest versions from Affymetrix (the SOOK array) and from Illumina (the HumanHapS00 array) 
have genomic resolutions of approximately 5 kb, 200 times the resolution of the average BAC 
array. Another advantage of using a SNP array is that this platform reports loss of heterozy­
gosity (LOH) in addition to copy number changes. This information is generally important for 
cancer studies, because it allows one to distinguish between the loss of information via a dele­
tion (the observation of both copy number loss and LOH) and segmental uni parental disomy 
( the observation of LOH only). Segmental uni parental disomy is the derivation of both copies 
of a chromosome segment from a single parent. Limiting factors for SNP arrays are that they 
require hundreds of nanograms of test DNA and can cost considerably more than other array 
platforms. 
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cDNA Arrays 

cDNA arrays, long used for gene expression studies, have recently become amenable for array 
CGH use (Pollack et al. 1999). cDNA arrays are composed of clones representing whole or partial 
gene sequences obtained from cDNA libraries. They generally contain 10,000-30,000 array target 
spots. The clear benefit of these arrays is. the ability to conduct CGH and expression studies on 
the same platform. However, one of the significant hurdles to using cDNA arrays for CGH is pro­
ducing sufficient signal intensity from the array target spots to detect low-level copy number 
changes. A few laboratories have overcome this limitation (Pollack et al. 1999; Chen et al. 2004; 
Park et al. 2006), but we anticipate that the improvements in oligonucleotide array technology will 
obviate the need for cDNA arrays. 

DNA PREPARATION 

The test and reference DNA must be differentially labeled with fluorescent molecules ( typically 
Cy3 and CyS) for array analysis. This labeling is achieved by incorporating dye-conjugated dNTPs 
into sequences produced from the test or reference template by either a linear or exponential 
amplification. The size range of the labeled sequences must conform to the optimal size range 
required by the array platform being used. For most platforms, this range is from 100 bp to 1 kb, 
but users will need to verify the best size range for their platform and optimize their labeling 
method accordingly. 

The quality and quantity of the test and reference DNA have profound effects on the quality 
of the array data. Starting with DNA that has undergone very little degradation and that is abun­
dant(> 200 ng) is the most effective way to reduce noise in the data set. DNA that meets these cri­
teria is generally compatible with any labeling method. The simplest labeling techniques are linear 
amplifications that directly incorporate the dye-conjugated dNTPs: for example, random priming 
or nick translation. Random priming employs degenerate hexamers and a Klenow polymerase to 
amplify the template DNA. Efficient labeling with random priming requires that the template 
DNA be fully denatured. Thus, partial predigestion, especially of high-molecular-weight DNA, 
with a restriction enzyme that is a frequent cutter may improve the productivity of the reaction. 
The size range of the labeled sequences from random priming (100 bp-1 kb) is generally com­
patible with most array platforms. Nick translation does not use primers, but a DNase to create 
nick sites in the template DNA at which a polymerase initiates DNA synthesis. Due to the action 
of the DNase, the size range of the labeled sequences from a nick translation will decrease as the 
time of the reaction incre'ases. The user may need to check the reaction products on an agarose 
gel at various time points until the appropriate size range is achieved. 

Poor-quality DNA, such as heavily degraded DNA, is unlikely to work for array analysis. 
However, if the quantity of test DNA is limited ( <200 ng), the sample may work with a pre­
amplification step before labeling by one of the methods discussed above. Whole-genome PCR 
and multiple displacement amplification (MDA) methods can preamplify the template DNA. 
Two popular array~compatible PCR methods are degenerate oligonucleotide primed (DOP) 
(Telenius et al. 1992; Daigo et al. 2001) and ligation-mediated PCR (LMP) (Guillaud-Bataille 
et al. 2004) . However, PCR-amplified DNA typically cannot be used with commercial oligonu­
cleotide arrays, which usually require high-molecular-weight test DNA. Other labs prefer 
MDA, a relatively new, non-PCR-based method of amplification. MDA is reported to faithfully 
reproduce the genome as relatively long (- 10-kb) sequence stretches that are compatible with 
both BAC and oligonucleotide arrays (Paez et al. 2004). MDA employs exonuclease-resistant 
random primers and DNA polymerase with high processivity (e.g., phi29) to amplify the tem­
plate DNA. The user may need to test multiple techniques to assess which produces the best 
array data in his or her hands. 
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CNVs IN THE REFERENCE GENOME 

With array CGH, copy number changes are observed relative to a reference DNA. Thus, CNVs in 
the reference may influence the frequency and detection of CNVs in the test population. 
Therefore, it is important to consider whether to use as a reference the genome of one individual 
or a pool of genomes from multiple individuals. The presence of a rare CNV in a single-genome 
reference is a potential problem, as it will show up in the majority of array results and lead to an 
overestimate of the frequency of the CNV. FISH can resolve the source of the CNV; or use of a 
pooled reference, by dilution of rare CNVs, can mitigate overcounting. The inability to detect 
CNV s shared between the test and reference genomes is a problem for both types of references. 
The same CNV in a test and single-genome reference will read as a ratio of 1, implying no change 
at the locus. The ratio value for a CNV shared by the test DNA and some individuals in the pooled 
reference will approach 1 (no change) as the number of reference individuals with that CNV 
increases. Overall, the possibility that the CNV is not detected increases as the number of individ­
uals in the reference with the same CNV increases and as the sensitivity of the array decreases. 
Ideally, each genome should be tested against sufficiently many single-genome references to accu­
rately predict population frequencies and optimize detection. Because the number of arrays 
needed to meet these criteria is likely to exceed the scope of most studies, an awareness of these 
reference effects is required. 

HYBRIDIZATION 

Test and reference DNA are prepared for hybridization by ridding the labeling reactions of unin­
corporated nucleotides and coprecipitating the labeled DNA with the repeat blocker, Cotl. Cotl 
DNA is a critical component of the hybridization as it suppresses the repetitive content of the 
human genome (e.g., SINES, LINES, and Alus), which can dominate the hybridization and 
severely diminish the ability of the array target spots to respond to copy number change. Typically, 
50-100 mg of Cotl DNA is added. 

A brief outline of the hybridization process is given here, but specific details are omitted, as the 
procedure is generally performed by an array facility. The precipitated sample is resuspended in a 
hybridization solution. This solution includes . formamide, salt, and dextran sulfate. The for­
mamide increases the effective hybridization temperature to reduce mismatches without the dele­
terious effects of actual high temperatures. The salt (e.g., saline sodium citrate [SSC]) stabilizes 
DNA hybrids by decreasing the effective hybridization temperature. Thus, the appropriate balance 
of formamide and salt is necessary to achieve proper (low mismatch) hybridization. The dextran 
sulfate increases the effective concentrations of the test and reference DNAs. Hybridizations are 
typically incubated overnight at 37°C in a humid chamber. Following hybridization, mismatched 
sequences are generally removed by washing the array slides in a solution of formamide and dilute 
salt (e.g., 2x SSC) at approximately 45°C. Lowering the salt concentration, increasing the percent­
age of formamide, and increasing the temperature increase the stringency of the wash. Finally, a 
fluorescence scanner is used to collect images of the arrays. 

DATA PROCESSING 

Processing array output has three steps: visual culling of bad array spots, data normalization, and 
copy number interpretation. First, scanned array images are inspected for flawed spots (e.g., spots 
that are overlapping, blank, or scratched). Commercial or publicly available software (e.g., 
GenePix Pro [Molecular Devices, Sunnyvale, California] and UCSF Spot and Sproc [Jain et al. 
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2002]) is available to support spot culling and to collate the data for further processing. The sec­
ond processing step is normalization, a step used to correct for the multiple sources of systematic 
variations in array experiments. These variations arise from differences in labeling efficiencies, 
unequal amounts of total test and reference DNA, uneven hybridization across the array platform, 
and different intensities between the two lase.rs used in scanning the fluorescent output from the 
test and reference dyes. The end result of normalization is that the mean or median ratio is set to 
some standard value. In most cases, this standard value is a ratio of 1 or the log ratio of 1 (O). 
Commonly used normalization procedures are total intensity normalization, Lowess normaliza­
tion, log centering, and ratio statistic (Quackenbush 2002). Self vs. self experiments can help iden­
tify the normalization scheme that works best for a given set of arrays. 

Identifying sites of copy number change is the final step of data processing. The simplest 
approach is to use threshold values based on mean and standard deviation. However, several 
more elegant algorithms are available for copy number calling. All these methods attempt to 
infer the statistical significance of copy number differences and identify the boundaries of these 
differences. Because the array target sequences representing a particular chromosome and locus 
share a spatial relationship, most of these methods assess the status of each array target in the 
context of its neighbors. For example, the hidden Markov model (HMM) assigns spatially 
related target sequences to a particular state, unless the ratio value of a continuous subset of 
those target sequences is different enough to overcome a designated penalty value for chang­
ing states. HMM states are interpretable as losses, gains, or no change. Lai et al. (2005) provide 
a discussion of eleven different methods, including the HMMs, mixture models, maximum 
likelihood, regression, and wavelets. A list of the copy number tools assessed by Lai et al. and 
links to each algorithm Web site is available at http://www.chip.org/-ppark/Supplements/ 
Bioinformatics05b.html. 

EXPLORING THE GENOME FOR CNVs 

From the number of recent publications, it is becoming clear that large and relatively complex 
forms of genetic variation are a significant part of the normal human genome. The three seminal 
papers in this field used competitive arrays with a panel of ethnically diverse individuals to iden­
tify a multitude of CNVs (Iafrate et al. 2004; Sebat et al. 2004; Sharp et al. 2005). A summary of 
some of the findings discussed here is given in Table 14-1. 

The hundreds of CNV s collectively identified by Se bat et al., Sharp et al., and Iafrate et al. sug­
gest that we have just begun to touch on the large-spectrum CNVs in the human genome. A com­
pilation of all CNVs identified in these three studies is shown in a genome-wide map in Figure 
14-3. Sebat et al. (2004) evaluated 20 individuals using the ROMA system to identify 221 array 
targets with copy number differences representing 76 unique CNVs; this is an average of approx­
imately 11 CNVs per person. Impressively, Sharp et al. (2005) found 53 of the 76 CNVs identified 
by Sebat et al. In total, the study by Sharp et al. identified 160 CNVs across 47 individuals using a 

TABLE 14-1. Summary of Genome-wide Studies of CNVs 

Average 
Array Sample Total # per Median Number 

Study platform size Reference CNVs person size (kb) validated 

Sebat ROMA 20 individual 221 11.1 222 11/12 
Iafrate BAC 55 pooled 255 12.4 ~150" 18/18 
Sharp BAC 47 individual 160 3.4 ~ 150• 7/9 

•Adapted from Eichler (2006). 
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FIGURE 14-3. Genome-wide map of sites of copy number variation detected by Sebat et al., Iafrate et al., and 
Sharp et al. Colored bars on each chromosome indicate the location of CNVs (not to scale). The CNVs identified 
by Sebat et al. are in magenta, by Iafrate et al. are in green, and by Sharp et al. ar-e in blue. Tick marks (not to 
scale) above the chromosome are gains, and those beiow are deletions. The seven sites that contain overlapping 
CNVs, irrespective of the type of change (i.e., Joss or gain), from all three studies are highlighted by light gray boxes. 
Five of these seven sites contain CNVs that have concordant changes with at least one concordant CNV from each 
study. These five sites are on chromosomes 11 21 51 71 and 10. Genome assembly gaps in pericentromeric and satei­
lite regions are indicated by dark gray boxes. The CNV coordinates shown are from the July 2003 assembly and 
were obtained from http://humanparalogy.gs.washington.edu/structuralvariation/. 

BAC array targeted toward SDs (3.4 CNVs per person). The large number of novel CNVs (107) 
identified by Sharp et al. is probably in part a result of their SD-enriched system ( CNV s appear to 
be enriched in SD loci, see below). Surprisingly, however, Iafrate et al. (2004), who used a BAC 
array system enriched for non-duplicated clones, observed the greatest number of CNVs. In 55 
individuals, they identified 255 CNVs (12.4 CNVs per person). Interestingly, 233 of the CNVs 
observed by Iafrate et al. were novel observations. Only 11 CNV s identified in Iafrate's study over­
lapped with the Sebat and Sharp studies, respectively; Furthermore, if the direction (i.e., loss or 
gain) of the variant is disregarded, only 7 sites were identified where CNVs overlapped for all 
three studies (see Fig. 3). These 7 sites include 5 sites for which the overlapping CNVs are changes 
in the same direction. The lack of concordance between the CNVs identified in the three studies 
may result from the diverse array platforms used or may point to valid differences in the CNV 
content of the individuals tested in the studies. Each study used independent methods to ·confirm 
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SUMMARY 

a subset of the CNVs they found. Verification rates were high. The rate was 78% (7/9) for Sharp 
et al., 92% (11/12) for Sebat et al., and 1.00% (18/18) for Iafrate et al. 

The cumulative nonoverlapping CNVs identified in these three studies represent approxi­
mately 2.7% (88.35 Mb total) of the haploid genome. Sebat et al. (2004) observed an average CNV 
length of 465 kb and median length of 222 kb using an array composed of 85,000 oligonu­
cleotides, which, of the three studies, is the array with the highest genomic resolution. The major­
ity of CNVs identified by Sharp et al. (2005) and Iafrate et al. (2004) involved a single clone on 
their respective BAC arrays. A single clone variant can contain all or part of the intervening 
sequence between it and the neighboring clones, making it more difficult to estimate the actual 
size of the CNV. For example, the BAC clones on the array used by the Iafrate study are approxi­
mately 1 Mb apart. Thus, the gains or losses can involve as much as 2 Mb of DNA. However, an 
examination of genetic variation trends gives a median CNV size of approximately 150 kb for the 
Iafrate and Sharp studies (Eichler 2006). All the studies found an approximately equal number of 
losses and gains of CNVs and that the variants are distributed throughout the genome. However, 
the distribution of CNV s with respect to blocks of highly homologous SDs reveals an interesting 
relationship. 

All three studies provided support for an enrichment of CNVs in regions that contain SDs, 
which are considered hot spots of chromosomal rearrangement (Bailey et al. 2002). Sebat et al. 
(2004) found 6-fold and 12-fold higher SD sequence content within deleted and duplicated CNVs, 
respectively, relative to the average SD content of the entire genome. Iafrate et al. (2004) found that 
approximately 25% of the BA Cs representing CNV sin multiple individuals mapped to regions that 
overlapped with SDs versus the 7.3% observed for all BAC clones on their array (p < 0.0001). Sharp 
et al. (2005) identified 11.5 times more CNVs by using the SD-enriched BAC array versus a non­
SD targeted BAC array. As an increasing number of studies suggest that the duplication architec­
ture of the human genome mediates normal variation (Bailey et al. 2002; Sharp et al. 2005; de 
Bustos et al. 2006; Goidts et al. 2006; Redon et al. 2006), it becomes interesting to postulate a causal 
relationship between SDs and CNVs. However, resolving causality is tricky. What can be resolved 
is the nature of any preferential association of CNVs with SDs by a thorough investigation of the 
regions of the genome rich in SDs. These regions include pericentromeric and subtelomeric zones, 
regions underrepresented in the current CNV surveys. 

Importantly, a subset of CNVs contains genes that could influence normal phenotypic varia­
tion and disease susceptibility. In total, Sebat et al. observed copy number variation of 70 genes, 
Sharp et al. found 141 genes either completely or partially overlapping their variant BACs, and 
Iafrate et al. identified 67 BAC clones that encompassed one or more entire genes. The CNV­
related genes found by Shilrp et al. (2005) include some involved in immunity and metabolism, 
which may significantly contribute to phenotypic variations, such as resistance to pathogens and 
metabolic rates. Both Iafrate et al. (2004) and Sebat et al. (2004) identified a subset of CNVs con­
taining cancer-related genes in apparently normal individuals. Seemingly, these genes are not the 
direct cause of disease, but the structural variants may initiate chromosomal rearrangements or 
influence gene expression, which could affect tumorigenesis. Overall, the genes found within or 
near CNVs may have profound effects on the biology of normal or disease processes. 

From our review of the current literature, it appears that CNVs are a prominent part of the nor­
mal variation of the human genome. Two extremely useful resources that summarize the results of 
CNV research studies are found on the Web at http://humanparalogy.gs.washington.edu/struc­
turalvariation/ and http://projects.tcag.ca/variation/. However, the process of cataloging the full 
spectrum ofCNVs is in its infancy. We have yet to discover the exact size range of, the amount of 
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genomic sequence subject to, and gene content of CNV s. Although by definition CNV s can encom­
pass as little as 1 kb, some may involve as much as 2 Mb of sequence (Iafrate et al. 2004). So far, 
potentially 88 Mb. of genomic sequence is subject to copy number variation (Eichler 2006), but this 
value is likely to increase as additional studies emerge. Finally, we know that CNVs can involve 
multiple genes (Iafrate et al. 2004; Sebat et al. 2004; Sharp et al. 2005), but we have yet to determine 
whether gene-containing variants or CNVs in general have an effect on normal phenotypic varia­
tion and disease susceptibility. To fully assess and curate human genetic diversity, we need to ana­
lyze CNV son a scale comparable to that used to catalog the wealth of human SNPs, and array CGH 
is an essential tool in accomplishing that goal. 
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INTRODUCTION 

Historically, copy number vanat10ns 
(CNVs) were first observed by comparing 
karyotypes of normal and diseased individ­
uals. Studying the karyotypes became clin­
ically important for the diagnosis of certain 
syndromes, ranging from Down syndrome 
to cancer (Benson 1961; Stimson 1967). 
Generally, it is much easier to identify 
CNV s in cancer, since they can be so 
numerous, and they can vary widely in the 
number of copies for a specific region. With 
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knowledge of the region, methods such as Southern blotting or fluorescence in situ hybridization 
(FISH) can be performed. However, if a scan of the entire genome is needed or there is no prior 
knowledge of a region of interest, other techniques are more appropriate. Early generation methods 
for CNV detection such as comparative genomic hybridization (CGH) (Thompson and Gray 1993) 
were useful but suffered from low resolution. With the mapping information of the genome project 
and the development of microarray technologies, CGH was adapted to an array platform (Pinke! et 
al. 1998; Pollack et al. 1999), and the completion of the human genome sequence paved the way for 
the development of array CGH methods with exquisite resolution (Lucita et al. 2003; Barrett et al. 
2004; Selzer et al. 2005). With this increased resolution, it became apparent that CNVs in the normal 
population are frequent but had been undetected previously (Lucito et al. 2003; Sebat et al. 2004). 

Together with Dr. Michael Wigler, we developed an array-based CGH method to detect 
CNVs in cancer, although we quickly learned that it was very accurate at identifying small CNVs 
in the normal population. This method, representational oligonucleotide microarray analysis 
(ROMA)(Lucito et al. 2003), was an advancement of representational difference analysis (RDA), 
a technique developed by Dr. Wigler and Dr. Nikolai Lisitsyn (Lisitsyn et al. 1993). Central to 
both methods is the practice of making a representation of the genome. A representation is 
reproducible sampling of the genome, prepared by cleavage of the genome with a restriction 
endonuclease, ligation of PCR adapters, and amplification with a PCR-adequate polymerase 
such as Taq polymerase. Generally, when the template is a population of mixed fragment sizes, 
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an enzyme such as Taq polymerase will preferentially amplify the smaller fragments, with result­
ing representations in the size range of 100-1200 bp. The lack of amplification of the larger frag­
ments results in a decrease in complexity in the sample. In comparison to total genome 
hybridization, the decrease in complexity of a representation allows for an increased signal to 
noise, due to increased hybridization efficiency and increased labeling efficiency for fragments. 
The increased labeling efficiency is a result of the array being well matched to the content of the 
representation. In other words, the nucleotide content of the array more closely matches the 
representation's content than the entire genome. 

Representations 

The complexity of the representation can be shaped by the restriction endonuclease used for the 
initial digestion of the genomic DNA. For example, when a restriction endonuclease with a six­
nucleotide cleavage site is used, the complexity decreases to 2-5% of the original genome. When 
a restriction endonuclease with a four-nucleotide cleavage site is used, the complexity decreases to 
60- 80%, again depending on the cleavage site of the endonuclease. The complexity of the repre­
sentation can be further shaped by depletion of the representation. In this process, a second 
restriction endonuclease cleaves the ligation of the genomic DNA prior to PCR amplification. This 
allows limitless possibilities to achieve the desired complexity. 

As a consequence of the required PCR amplification, representations can be easily prepared 
from as little as 50 ng of genomic DNA. This has made it easier to analyze samples that cannot 
be renewed, such as tumor specimens, where yield is often in the range of approximately 100 ng. 
Overamplification can occur: With extreme numbers of cycles, the measured ratios decrease. In 
most cases, this is not an issue. However, detection of small CNVs (covering regions containing 
few probes on the array) that are either hemizygous or duplicated can be problematic. We have 
compared representations prepared with varying number of cycles and have found no change in 
the level of detection of CNV s, using as many as 25 cycles. Presently, we do not recommend PCR 
amplification with more than 25 cycles, under the template conditions discussed above. 

FACTORS AFFECTING ROMA 

Several factors affect the ability to detect CNVs in a particular population, including the array 
itself, the representation, species, and experimental design. Representations are remarkably accu­
rate at reflecting the copy number of the genome in relation to a reference sample. To accurately 
detect CNVs within a genome, all sources of system noise that can be controlled must be sup­
pressed. The amplification of samples by PCR adds a possible source of noise that can be easily 
addressed. Comparable amounts of template genomic DNA should be used, and the test and ref­
erence samples should be prepared in parallel from the start of the restriction endonuclease diges­
tion to the PCR amplification. In theory, it is possible to perform ROMA on a single sample 
without reference, and this is currently under investigation. 

The design of the array is equally important when one is attempting to detect CNVs in nor­
mal samples. Many CNVs are found in regions that are duplicated within the genome. If these 
regions are removed, much less variation will be detected. Of course, the addition of regions in the 
genome that are found more than once must be approached carefully. As with any hybridization­
based method, the more times a target is present in the genome, the less specific the hybridization 
will be. By analogy, repetitive regions in the genome are so numerous that they are useless for copy 
number detection with hybridization-based methods. 

The probes on the array should perform roughly equally. If probe performance is sporadic, a 
CNV covered by several probes where internal probes are poor reporters could be interpreted as a 
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cluster of single-nucleotide polymorphisms (SNPs). In this case, CNV detection and, more specif­
ically, automated forms of detection will tend to miss such CNVs. Probes with similar perform­
ance should be used for the array, or probe performance parameters should be utilized to interpret 
the output data. Methods have been developed to predict probe performance, and the present 
ROMA array utilizes probes of similar performance. 

Of equal importance is resolution on the array. If there are not enough probes for a given 
region, CNV s will not be detected. Many regions are fairly small (-100-200 kb) and arrays with 
fewer than 40,000 probes will miss many of these regions. The placement of probes could also be 
an issue. There are untranslated RNAs that are critical to the function of a cell and that can act in 
an oncogenic manner. Thus, gene-centric CGH arrays are not an optimal design. The initial 
ROMA arrays were roughly 82,000 probes (although much higher densities can be achieved), ran­
domly scattered throughout the genome so that all regions ( with the exception of highly repetitive 
regions) were equally represented on the array. 

In most cases, when ROMA is used to identify genetic variation of normal samples, reference 
samples will be from a different individual. Since representations use restriction endonucleases to 
shape complexity, the method uncovers restriction fragment length polymorphisms (RFLPs). If a 
SNP is present in the test sample and the initial restriction endonuclease cleavage site is destroyed, 
in comparison to the reference sample an RFLP is created. Usually the new fragment is too large 
to amplify efficiently and thus is no longer in the representation. Probes recognizing such a frag­
ment would have high-intensity measurements in the reference but very low in the test sample, 
producing high ratios that cause these probes to scatter from the majority of probe measurements. 
When these probes are numerous, it can be distracting to the human eye, but the quality of the 
data is not affected. In fact, since these measurements are the result of SNP detection, they can be 
used to advantage for informatic identification of CNVs using segmentation algorithms, which is 
discussed below. 

The detection of SNPs is somewhat exaggerated in laboratory species such as the mouse. In 
contrast to the fairly heterogeneous human genome, the laboratory mouse is extremely homoge­
neous, except for more recent germ-cell genetic alterations that presumably occur. The mouse 
ROMA array was based on the first mouse genomic sequence available, which was almost entirely 
from C57BL6/J. Therefore, if any other species is compared to C57BL6 reference on the array, a 
large number of SNP events are detected. These events are clustered into patches across the 
genome, so closely in some regions that at first glance the clusters appear to be large CNV s. 
Interestingly, the genomic position of SNP clusters varies from one strain to another in compar­
ison to C57BL6/J. Variation between different strains means that experiments must be designed 
carefully, since the wrong choice of reference could lead to uninterpretable results. The simplest 
solution is to use material frorn the same mouse as a reference whenever possible. A sib would be 
the next best choice, although there are some minor genetic differences between sibs (I. Hall, 
unpubl.). If a catalog is made of various strains, lineage can be delineated, using the genomic pro­
file of a particular mouse. Comparison of germ-cell to somatic DNA allows one to identify germ­
cell DNA alterations in restriction endonuclease cleavage sites over many generations. This in 
turn enables one to determine the rate of mutation in the animals and to identify any possible 
hot spots of mutation. . 

When human ROMA is used to analyze normal copy number variation, the reference is 
almost always from a different individual, unless somatic and germ-cell DNA are compared. All 
CNVs that are detected must be interpreted in comparison to the reference. (This is generally 
not an issue with SNPs.) Therefore, it is preferable to have as few reference DNAs as possible, 
perhaps one male and one female. Using the same reference samples makes it somewhat easier 
to identify the copy number for a specific CNV. In addition, whenever possible, it is useful to 
analyze parents to trace the inheritance of CNVs. When looking for de novo alterations, this is 
essential. ,i;' 
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ARRAY PROBE DESIGN 

All probes on the array are designed to be complementary to representational fragments, i.e., small 
restriction fragments. Probe design begins by making an in silico representation based on the 
available genome sequence. This is performed simply by locating and recording all instances of the 
restriction site of interest and size selecting to 100-1200 bp. Separately, the entire genome is anno­
tated into N-mers of differing length, most commonly, 15- and 21-nucleotide lengths. As a pre­
cursor to probe selection, all identified representational fragments are broken down into all 
possible overlapping 50-mers ( the length of the final probes for the array), compared to the library 
of genome N-mers, and annotated with N-mer frequencies representing the number of times a 
fragment N-mer is found in the genome library of N-mers (for more detail, see Healy et al. 2003). 
This is done for N-mers of length N = 21 and N = 15, using a Burrows-Wheeler transformation 
(Burrows and Wheeler 1994). For each fragment within the in silico digest, we quantitatively char­
acterize every possible 50-mer. The 21-mer frequencies are used as a measure of overall unique­
ness in the genome. Our most stringent criterion is that all constituent 21-mers must be unique. 
However, this is too stringent when analyzing normal variation. For those probes that pass the 21-
mer uniqueness measures, 15-mer frequencies are minimized, since they act as a predictive meas­
ure of the likelihood of cross-hybridization. 

Probes are selected in descending order of aggregate N-mer frequencies, essentially a filtration 
process. This limits the otherwise immense search space of candidate probes to those that are most 
likely to give us accurate ratio measurements and least likely to encounter cross-hybridization 
events or to fail the synthesis process. The probes are then tested empirically. We typically begin 
by designing and arraying tenfold more.:: probes than can fit on one array. The probes are arrayed 
on multiple arrays with some overlap for comparison measures. Each array is used in an "enzyme­
depletion" experiment where a representation is compared with an identical representation that 
has been further subjected to digestion with a second enzyme. Since the entire sequence of the 
genome is known, we have accurate predictions of which fragments should be eliminated by the 
second digestion step. We select those probes that have the highest signal intensities in the nondi­
gested channel, as we have determined this to be a good measure of performance. The placements 
of probes on the array surface should be randomized. In this way, no hybridization artifact on the 
array surface will appear as a consistent genomic alteration. 

POST-HYBRIDIZATION 

After. hybridization, the arrays are scanned on a standard scanner such as the GenePix 4000B, and 
intensity acquisition is performed with various software packages. The GenePix scanner has a 
maximal resolution of 5 µm. It is important to average pixel intensities; averaging less than 9 pix­
els is not advisable. With the maximal resolution, it is difficult to analyze features smaller than 15 x 
15 µm. The arrays currently in use have features that are 17 X 17 µm. The Axon. scanner is still 
applicable for analysis. For higher-resolution arrays which use smaller features, other analysis soft­
ware must be used. After data acquisition, the array measurements can be normalized by several 
different methods. We presently use a Lowess curve fitting algorithm adapted from methods 
described by Dr. Terry Speed and colleagues (Yang et al. 2002), followed by an algorithm that cor­
rects for local hybridization artifacts. The copy number data have variation in the measurements 
between adjacent probes, caused by several different factors, including noise in the array 
hybridization, labeling efficiency, washing, and the representational process. Some of this variation 
is removed by performing duplicate experiments. For assessing genetic variation in normals where 
the variation is relatively small (in number of bp) and the alterations often vary by only one copy, 
duplicate experiments (if not more) are strongly suggested. The hybridization can simply be 



Petitioner Illumina, Inc., EX1016, p. 237

ROMA Detection of Genetic Variation / 237 

repeated, but for two-color hybridizations (such as with cy3 and cy5), it is best to perform a color 
reversal ( or dye swap), where the samples are labeled with the alternative dye as was used for the 
first hybridization. After normalization, the probe ratios can be averaged, or other methods can be 
used to remove noise. An example would be probe outliers caused by unincorporated dye. These 
outliers can be removed by comparing duplicate hybridizations. For a specific feature, if the ratio 
in one experiment is above one standard deviation, the lower ratio probe is used. This may remove 
some information content, but we have found that, in general, the quality of the experimental data 
is improved. 

Even with the averaging of experiments, the data are inherently noisy. A number of different 
algorithms can be employed to remove this noise. The simplest is a moving average (Pollack et al. 
1999), which moves in genomic order and averages adjacent probes. The number of probes being 
averaged can be adjusted. This improves the smoothing process but decreases the measured reso­
lution, since averaging of probes past the breakpoint brings down the average for the probes on 
the end of the breakpoint. Pollack et al. improved the method by performing normal-normal 
comparisons which allowed the calculation of a threshold to call false discoveries. This method is 
quite useful for copy number detection in cancer, but it has limitations for the measurement of 
normal variation, since small lesions may be missed. Other methods are more involved and model 
the data (Hodgson et al. 2001; Autio et al. 2003; Snijders et al. 2003). We have used an algorithm 
developed by Olshen et al. (2004) and a second one developed by Bud Mishra for ROMA data 
which can be easily used for other CGH data (Daruwala et al. 2004). A third algorithm developed 
at Cold Spring Harbor Laboratory by Lakshmi Muthuswamy and Michael Wigler expressly for the 
analysis of ROMA data can also be used for analysis of other CGH platforms (Lakshmi et al. 2006). 
Each of these three algorithms is model-based. The method developed by Olshen and colleagues 
is based on binary segmentation but uses a reference distribution of the data to account for noise 
in the system. Mishra and colleagues use a Bayesian model that can be viewed as an optimization 
process minimizing a score function. Both of these methods accurately identify copy number 
alterations in cancer as well as normal genetic variation, but they require significant compute time 
to analyze an experiment as compared to the method developed by Muthuswamy and Wigler. 

The method developed by Muthuswamy and Wigler is an alternative which partitions the log 
ratios of the intensities into segments of uniform distributions. The ratios are arranged in genome 
order and are divided into blocks of 100 data points with arbitrary boundaries. Then, the bound­
aries are iteratively moved by minimizing the variance, and further refined by using a two­
distribution Komogrov-Smirnov (KS) null hypothesis test (Conover 1980). Only boundaries that 
give a p -value of less than 10-5 are accepted. Due to the nature of the KS test, no segment smaller 
than 3 probes in length is considered. This method is excellent for the analysis of lesions compris­
ing 3 or more probes. A more accurate method of segmentation is being-developed which utilizes 
a hidden Markov model. It uses the presence of SNPs to define the states of alteration between the 
two genomes; i.e., zero copies, one copy, three copies, or more copies. Once this is determined, the 
state of other alterations can be identified based on initial calculations. 

After processing, the data can be visualized to identify CNVs and any SNPs present between 
the normal and reference samples. Since the alterations identified are in comparison to the refer­
ence, it is possible that a CNV could be present as three copies in both the test and reference sam­
ple, and the difference would cancel out. This is unlikely for rare CNVs, but much more possible 
for common CNVs. If one sample has a CNV that is slightly larger than that found in the other 
sample, the result would appear as two CNVs, since the central region would be cancelled out. 
These possibilities must be taken into account when analyzing data. \ 

Large variations can be validated by other methods. Clearly, the most accurate method to val- l;!J 

idate CNV variation is fluorescent in situ hybridization (FISH). This method can assess the true !JJ. 
copy number of an allele present in a sample, whereas the CGH data can only determine the level I 
in comparison to the reference sample. However, FISH is somewhat slow in throughput and f 
requires intact cells. An alternative is quantitative PCR (QPCR). This method does not require II 
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whole cells, can be performed with mid-throughput, and requires little DNA template. We have 
used this technique routinely to determine the relative copy number of CNVs identified in large 
ROMA data sets. The copy number is always calculated in comparison to a reference sample. If the 
reference is known to possess two copies of the region being studied, the true copy number of the 
test sample can accurately be determined. The most accurate determination requires a second con­
trol probe whose copy number is known for the reference as well as the test sample. 

SELECTION AND ANALYSIS OF LARGE SAMPLE SETS 

Although CNVs identified in a single sample can be validated, copy number detection is often 
used to analyze a large sample set. This may be performed on a large set of normal individuals to 
determine the variation in the normal population of humans (or mice). Alternatively, one can ana­
lyze a large set of individuals that has, or is suspected to have, a syndrome or disease, and the iden­
tified CNV s can be coalesced to determine whether any are associated with the particular 
syndrome or disease. Some history should be known about the individuals whose samples are to 
be analyzed. For example, to study familial susceptibility to pancreatic cancer, it would be neces­
sary to know that the individual and at least one more member in the immediate family had pan­
creatic cancer. Because pancreatic cancer affects a relatively small number of individuals 
worldwide, two individuals within the same family would increase the probability that the cancer 
had a familial component (provided that environmental factors were removed). The disease or 
syndrome studies should be as homogeneous as possible. If a syndrome encompasses more than 
one true disease, it will be more difficult to determine the candidate regions for any one subsyn­
drome. Even in the case of familial susceptibility to pancreatic cancer, more than one gene may be 
involved. Careful selection of the test sample set is imperative for creating a valuable set of CNV s. 
Since primary cells are not available as a source of DNA, san1ple cells are often transformed by 
EBV infection so that large amounts can be grown. Such material should be approached with cau­
tion, since the transformation process and the extended period of time in culture can themselves 
result in genomic anomalies. 

Analysis of Large Data Sets 

To determine which identified CNVs are potentially associated with the disease being studied, as 
many normal CNVs as possible must be removed or filtered from the data set. One needs to amass 
a set of normals to make a catalog of CNV s and use the catalog to remove normal CNV s from the 
test data set. The definition of a normal CNV is somewhat arbitrary and depends on the test set; 
i.e., the normal set will change depending on the syndrome that is being studied. For example, if 
the test set is for patients who are susceptible to one or more cancers, all normals in the catalog 
who are from cancer-susceptible families should be removed. Thus, it is imperative that accurate 
family data are obtained for the individuals in the normal catalog. Selecting the catalog for com­
parison to a sample set with a rare cancer such as pancreatic cancer is relatively easy. Strict rules 
can be used to remove any "normals" who have had pancreatic cancer or have had any immediate 
family members who have had pancreatic cancer. However, selection is more difficult with more 
common cancers that have a much higher rate of sporadic occurrence or with syndromes that have 
low penetrance. In addition, one of the catalog members could be an affected individual who is 
asymptomatic. If such an individual enters the normal data set, meaningful regions could be lost 
during the filtering process. We address one possible way of rescuing such data below. 

The size of the normal set for CNV filtering should be the largest possible, to allow the removal 
of common CNVs within the test set of samples. Of course, there will be rare CNVs that cannot 
be filtered from the population, no matter how large the filter set becomes. If the normal sample 
set is too small, the test data set will contain a large number of relatively common normal CNVs. 
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Once the selection of the normal sample set is completed, ROMA can be performed. In addition, 
normal data sets from other labs that are publicly available can also be used to filter common 
CNVs. This should only be done if accurate patient information is available. 

Current ROMA arrays have 85,000 probes, but we have begun using 390,000-probe arrays. In 
many cases, the normal sample filter data set, as well as the test data set, can become very large. 
The data set, if based on all probes, would require a large data frame to represent all samples and 
would slow down computing time. Much of the data from the genome reports nonevents or vast 
regions without CNVs. By only representing the identified CNVs, the data can be drastically 
reduced in size without decreasing the information content. Once this transformation is per­
formed for all samples, a master file can be produced for the normal set that can be used to filter 
the test samples. 

For filtration, all CNVs of the normal set that are found in the test set are subtracted. Often, 
fragments of CNVs are left as remnants when a CNV found in the test set is larger in length (cov­
ered by more probes) than the CNV found in the normal filter set. In the worst case, the CNV in 
the test set would be larger on both ends, compared to the CNV found in the normal set. After the 
filtration, it would appear that there are two CNVs in close proximity. The entire CNV can be 
removed, but this must be done with caution, because valuable data could be lost. At the end of 
this process, the frequency that a CNV is found ip the test set population can be calculated. 
Removal of CNVs found in the normal population is a strict constraint, especially if there is the 
unintentional_ inclusion of an asymptomatic individual. An alternative to simply removing regions 
that are found in the normal population is to allow some flexibility in the level of detection. If a 
CNV is found in the test set and in only one individual of the normal set, it will not be removed. 
This level of detection or flexibility can be increased up to whatever point is deemed informative 
for the data set. The drawback of such flexibility is that it will increase the number of rare CNVs 
that happen to be in both data sets as well as some common CNVs. Therefore, it is useful to ana­
lyze the filtered data by several different criteria. 

Once the regions of CNV s in the test set are identified, other analyses can commence. As an 
example, the coordinates of the regions could be compared to results from other mapping stud­
ies using alternative technologies, such as SNP mapping and quantitative trait locus (QTL) analy­
sis. Informatic analyses can be used to identify all genes within the regions to determine whether 
there are any interesting candidate genes based on gene function and the syndrome or disease 
being studied. It is u·nlikely that all CNVs will be validated, since this process is time consuming 
and labor intensive. However, it is important to validate a number of CNVs (possibly those of 
specific interest) with another method. FISH is the most accurate method for validation, but 
QPCR is a legitimate alternative. It is somewhat difficult and requires a large number of replicas, 
sirice the difference expected can be only one cycle. Nonetheless, it is a viable option if whole cells 
are not available. 
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in FFPE Samples 
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INTRODUCTION 

WGSA and Copy Number Detection 

Human populations and individuals can 
differ widely in both nucleotide sequence 
and copy number ( CN) of DNA segments. 
Sequence differences commonly occur in 
the form of single-nucleotide polymor­
phisms (SNPs), of which millions have 
been identified (International HapMap 
Consortium 2005). Recent studies have 
also begun to highlight CN polymorphism 
frequencies (Iafrate et al. 2004; Sebat et al. 
2004; Redon et al. 2006), suggesting that a 
comprehensive study of genetic differe~ces 
between samples should combine drtec­
tion of both sequence and CN variation. 

The Affymetrix GeneChip® Mapping 
Arrays comprise a class of SNP oligonu-
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cleotide microarrays that can be used to determine both genotype and CN at specific SNP loca­
tions._ The original Mapping array, known as the Mapping lOK Array and, later, the Mapping lOK 
2.0 Array, interrogates over l OK SNPs on a single array. The next generation of Mapping arrays, 
the Mapping lOOK Set, includes two arrays ( the Mapping SOK Xba and the Mapping SOK Hind 
Arrays) that together analyze 116,204 SNPs. The third generation of these arrays, the Mapping 
SOOK Set, which includes the Mapping 250K Nsp and the Mapping 250K Sty Arrays, examines 
500,568 SNPs with a median and mean inter-SNP distance of 2.5 kb and 5.8 kb, respectively. 

Genomic DNA applied to these arrays is processed using the Whole Genome Sampling 
Analysis (WGSA) assay (Fig. 16-1) (Kennedy et al. 2003). Importantly, this assay involves a 
complexity reduction step, so that instead of applying the entire genome to these arrays, a targeted 
subset of the genome is selectively labeled and hybridized. Reduction of DNA target assembly is 
accomplished as follows: During WGSA, 250 ng of genomic DNA is digested by a restriction 
enzyme (NspI or Sty I when using the Mapping SOOK Arrays), and adapters are ligated to the ends 
of the digested DNA. A total of 500 ng of DNA is required for application when both arrays in the 

241 
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FIGURE 16-1. The Whole Genome Sampling Analysis (WGSA) assay prepares DNA for the Mapping SOOK Arrays. 

Mapping SOOK Set are used. The digested DNA is amplified by PCR using a universal primer set 
that recognizes the adapters. The PCR conditions and reagents are optimized to maximize ampli­
fication of products within a specific size range. This size range is approximately 100 bp to 1100 
bp for the Mapping lOK and SOOK Arrays. For the Mapping 100K Arrays, the amplicons range 
from about 250 bp to 2 kb. 

PCR products are then fragmented with DNase I, labeled with biotin, and hybridized to the 
array. Hybridization efficiencies to probes on the array that recognize alternate alleles of each 
SNP are detected by staining the biotin-labeled DNA fragments with fluorescent-labeled 
streptavidin. 

Differential intensities for the probes that recognize the major and minor allele are used to 
determine SNP genotype (Matsuzaki et al. 2004; Di et al. 2005). These probe intensities can also 
be used to determine genomic CN at the location of each SNP (Bignell et al. 2004; Huang 2004; 
Lin et al. 2004; Nannya et al. 2005). To determine CN, a test sample is compared to a reference con­
sisting of one or many samples. The reference is assumed to represent a diploid state with CN = 2, 
and the ratio of probe intensities between the test and the reference is calculated in order to iden­
tify the number of copies of a DNA fragment in the test sample. 

FFPE Samples for CN Detection 

The WGSA assay in combination with the Mapping arrays is used widely for CN analysis of 
high-quality DNA samples; i.e., samples that have been collected from blood, fresh or frozen 
tissue, or cell lines. Formalin-fixed, paraffin-embedded (FFPE) samples, however, represent the 
most prevalent form of archived clinical samples (Fig. 16-2) , but they provide additional challenges 
for molecular assays. FFPE processing is advantageous primarily to the pathologist, who desires a 
rapid means to fix, stain, and view the samples for a speedy and efficient diagnosis. Unfortunately, 
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FIGlJ RE 16-2. Example of a paraffin block containing a formalin-fixed kidney sample, and 10-µm sections from 
the FFPE sample contained in the eppendorf tubes. 

the method usually results in the degradation of FFPE DNA and in the contamination and chem­
ical modification of these DNA samples. 

Because of these issues, FFPE DNA is not suitable for all molecular assays designed for high­
quality DNA samples. A protocol recommended for · processing FFPE DNA samples through 
WGSA and to the Mapping arrays is described below. Note that poorer quality of FFPE samples 
may still result in a decrease in the number of SNPs providing informative data, and therefore 
overall genome coverage. Guidelines on data analysis of FFPE samples are outlined in Chapter 22. 
The important modifications to this WGSA protocol specific to FFPE-derived samples include: 

1. inclusion of a pre-WGSA PCR-based quality assessment of FFPE DNA samples 

2. pooling of >3 amplification reactions to attain 90 µg of PCR product 

3. quality control (QC) steps to monitor performance (expect different performance from FFPE 
and non-FFPE DNA samples) 

DNA PREPARATION 

Several high-quality commercial kits are currently on the market for extracting DNA from FFPE 
samples. The quality of DNA that is extracted from a given sample will vary depending on the 
extraction protocol, so that the same FFPE block might yield relatively poor or relatively intact 
DNA using alternate kits. A recommendation for extraction is the use of the Qiagen DNeasy Blood 
& Tiss_ue kit (www.qiagen.com) with modifications (Wu et al. 2002). Suggested modifications to 
the protocol that is outlined in the Qiagen DNeasy Blood & Tissue Handbook include: 

1. 95°C, 15-minute treatment prior to Proteinase K digestion, in ATL buffer 

2. 3 days of Proteinase K treatment at 56°C, with daily additions of the same amount of PK used 
on the first day 

3. NH4OAc + EtOHcleanup of extracted DNA, as described in the "Genomic DNA Preparation" 
section of the GeneChip® Mapping SOOK Assay Manual ( www.affymetrix.com) 

Another method that has demonstrated success in providing FFPE DNA of sufficient quality 
for the Mapping arrays is Argylla Technologies PrepParticles (beta version) (http://argylla.com/). 

There are many extraction methods available that may also be used successfully. Regardless of 
the method, the resulting DNA sample should be assessed for quality, since not all samples will be 
suitable for the Mapping arrays. To pass the quality test, the DNA sample must be void of exten­
sive contamination and degradation. Refer to the next section for more details on QC testing of 
FFPE DNA samples. 
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FFPE DNA QUALITY ASSESSMENT 

FFPE DNA sample quality will differ due to a number of variables; for example, differences in the 
fixation protocol and the extraction protocol, and the years of storage. Some FFPE samples will 
fail to produce nucleic acids of sufficient quality and quantity for downstream analysis. Therefore, 
each FFPE DNA sample should be quality tested, and samples that fail this QC test should not be 
applied to the Mapping arrays. The proportion of samples that fail this QC test will vary based on 
the source of FFPE samples, extraction methodology, and other factors. 

In WGSA, PCR is the limiting step that determines whether a given FFPE DNA sample will pro­
vide informative data on the Mapping array. Therefore, the FFPE DNA quality assessment test 
should include PCR. The three PCR-based QC tests in the table below are able to determine the 
suitability of an FFPE sample for these arrays. Any one of these three tests may be used for FFPE 
DNA quality assessment. 

The purpose of these QC tests is to identify the largest producible amplicon size for a given 
FFPE sample. Importantly, these QC examples all include the amplification of a variety of fragment 
sizes during PCR, including larger fragment sizes up to 800 bp. Because the Mapping SOOK Arrays 
interrogate SNPs on fragments up to 1100 bp, an FFPE sample that qualifies for array analysis 
should be able to provide large amplicon sizes. Although it is not necessary to amplify all fragments 
on the array (in silica, the SNPs on the largest fragment sizes can be excluded during analysis), it is 
important to amplify a significant percentage of these SNPs. Table 16-1 gives an indication of the 
number of SNPs present on the various fragment sizes. We do not recommend proceeding with 
samples that fail to produce PCR fragments greater than 300 bp. 

Method 

Multiplex PCR 

RAPDPCR 

First steps ofWGSA 

Description 

• Simultaneous amplification of 
several fragments ranging in 
size from ~ 100 to 800 bp. 

• Each lab may design primers 
and reactions to amplify any 
region of the genome. 

• It is essential that the reactions 
are designed to amplify not 
only small but also large (600, 
700 bp) fragments. 

• Uses a single primer set 
(10-mers) to amplify a ladder 
of fragments. 

• Intact DNA will produce 
amplicons reaching ~2 kb. 

• The amplicon ladder produced 
from FFPE samples may reach 
a smaller maximum size. 

• This is not a kit. 

• 250 ng of DNA are digested, 
ligated to adapters, and PCR­
amplified using a universal 
primer set. 

• See Figure 16-3A for an 
example. 

Advantages 
and disadvantages 

( +) Requires a small amount 
of DNA. 
(-) Targeted PCR amplification 
of specific sites may identify 
locus-specific quality instead of 
genome-wide DNA quality. 

( +) Requires a small amount 
of DNA. 
(+) Provides non-targeted 
amplification across the genome. 
(-) Bacterial DNA in the Taq 
Polymerase may be amplified to 
provide high background when 
using an enzyme preparation 
that is not highly purified. 
(-) Some variability can be seen 
between replicates and dilutions. 

( +) Provides best correlation to 
Mapping array performance 
because it is part of the 
Mapping assay. 
( +) Products that pass QC 
inspection may directly continue 
through the WGSA assay and 
hybridize to the array. 
(-) Requires the most DNA, 
time, and money per sample. 

References 

van Beers et al. (2006) 

This article describes 
multiplex PCR of 
fragments up to 400 
bp only. 

Siwoski et al. (2002), 
with the suggested 
modifications: 
• Visualize bands 

with EtBr on an 
agarose gel 

• Use a highly puri­
fied Taq poly­
merase, such as 
Qiagen HotStar 
HiFidelity DNA 
Polymerase 

GeneChip® Mapping 
SOOK Assay Manual 
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TABLE 16-1. The Number of SNPs Retained on the Mapping SOOK Arrays When Applying Various Fragment Size Filters 

Fragment Mapping 250K Mapping 2SOK o/o of SNPs on 
size filter Sty Array Nsp Array Combined SOOK Set SOOK Set 

s 200 bp 1,260 1,813 3,073 0.6 
s 300 bp 15,831 13,650 29,481 5.9 
s 400 bp 45,459 39,506 84,965 17.0 
s 500 bp 82,085 74,387 156,472 31.3 
s 600 bp 120,0ll ll3,702 233,713 46.7 
s 700 bp 155,576 153,213 308,789 61.7 
s 800 bp 187,689 190,900 378,589 75.6 
s; 900 bp 213,302 222,317 435,619 87.0 
s; I kb 230,509 244,665 475,174 94.9 
No filter 238,300 262,258 500,568 100.0 

APPLYING FFPE DNA TO THE WGSA ASSAY 

The Mapping SOOK Set, or the individual Mapping SOOK Arrays, should be used in preference to 
the other Mapping arrays when processing FFPE DNA. The Mapping lOOK Arrays are not appro­
priate for degraded samples due to their requirement for larger amplicons during PCR. The 
Mapping l0K Array can be used for FFPE DNA analysis, as it does share the same distribution of 
PCR amplicon sizes as the Mapping SOOK Arrays, but this array will provide significantly 
decreased resolution. 

The WGSA assay is described in detail in the GeneChip® Mapping SOOK Assay Manual 
provided by Affymetrix (www.affymetrix.com). Here, we highlight the specific steps that require 
special attention or that have been modified for application of FFPE DNA samples. 

DNA Quantitation 

For accurate quantitation of double-stranded FFPE DNA, use a method that specifically detects 
dsDNA, such as PicoGreen® (www.invitrogen.com). Other methods of quantitation, such as UV 
spectroscopy, may provide inaccurate measurements of DNA due to the higher amounts of con­
taminants in FFPE samples. 

Digestion and Ligation 

PCR 

No changes are required during the digestion and ligation steps of WGSA. Begin with 250 ng of 
DNA, and digest with Nspl for samples destined for the Mapping 250K Nsp Array, and Sty! for 
samples directed toward the Mapping 250K Sty Array. The ligation reaction will result in 100 µl of 
product. 

The established protocol requires three amplification reactions per DNA sample, using 10 µl of 
ligation product per PCR reaction. Therefore, a total of 30 µl is taken from the 100-µl ligation 
product. After PCR, the three reactions are pooled together, and 90 µg of PCR product is car­
ried over to the next step (Fragmentation). Because degraded FFPE DNA may not produce 
larger amplicons during PCR (Fig. 16-3A), the yield of PCR products is often lower for FFPE 
samples, and it is necessary to pool additional PCRs to reach the suggested 90 µg. In anticipa­
tion of the need to pool additional PCRs, set up six amplification reactions per sample (using 
60 µl from the 100-µl ligation product). For severely degraded samples, nine reactions may be 
required. Importantly, this step does not affect the input amount of DNA, which remains at 250 
ng per array. 
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FIGURE 16-3. QC inspections of sample performance during WGSA. (A) PCR products are visualized on an 
agarose gel for both non-FFPE and FFPE samples. The larger fragment sizes failed to be amplified from the FFPE 
samples. Nonetheless, there is ample PCR product for the smaller fragments, indicating that these samples are suit­
able for proceeding with WGSA and hybridizing to the arrays. (B ) Fragmentation products are visualized on a gel 
for both non-FFPE and FFPE samples. Products look essentially equivalent and are suitable for labeling and 
hybridization to the arrays. 

Combining only three PCRs from an FFPE sample is acceptable even when this provides less 
than 90 µg of product, but pooling additional samples to increase the amount of DNA applied to 
the array generally increases the quality of the resulting data. 

Purifying and Pooling Amplification Reactions 

Clontech® 96-well plates are used to pool and purify PCRs for the Mapping SOOK assay. Up to 
three reactions can be pooled together in a single well. When more than three PCRs are per­
formed for a single DNA sample, multiple wells should be used for purification. Thus, if there are 
six reactions from one DNA source, there will be two wells used for PCR purification for this 
sample. The DNA from these wells can be combined during the DNA elution step as follows: 
After washing both wells three times with water and allowing the DNA to completely dry on the 
plate (as per instructions in the GeneChip® Mapping SOOK Assay Manual), elute the first well 
with 45 µl of RB buffer while leaving the second well dry. Next, use the same RB buffer that now 
contains the DNA eluted in the first well to elute the DNA in the second well. In this way, all of 
the PCR products from the six reactions will be eluted into the same 45 µI of RB. If nine ampli­
fication reactions were performed for a single DNA source, use three wells on the Clontech® plate 
for this sample, and so on. 

Fragmentation and Labeling 

Fragment 90 µg of PCR product when possible. Expect decreased performance on the array if a 
smaller amount of DNA is used as input to fragmentation. 
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Refer to Chapter 22 for details on how to analyze Mapping array data resulting from application 
of FFPE samples. 

PERFORMANCE METRICS 

SUMMARY 

Performance of the DNA sample can be monitored during and after the WGSA assay (see table 
below). It is useful to include a positive control in a batch of FFPE samples, such as the standard 
high-quality DNA sample provided with the Affymetrix kit, ReflO3. 

FFPE samples represent the largest resource for archived clinical samples, but they provide special 
challenges for molecular assays due to DNA degradation, chemical modification, and sample con­
tamination. Special consideration should be given when choosing an extraction method to obtain 
the best-quality DNA possible from a given FFPE block. All FFPE samples should be assessed for 
quality using a PCR-based test. Those that provide amplicons of adequate size can be applied to 
genome-wide analysis of genotype and CN using the Mapping SOOK Arrays. Genome coverage for 
an FFPE sample compared to a high-quality DNA sample may be reduced in cases where PCR fails 
to amplify SNPs on the larger fragment sizes. 

QC Inspection 

Image the PCR products on an agarose gel (Fig. 16-3A). 

Measure the PCR yield using UV spectroscopy. 

Image the fragmentation products on a gel (Fig. 16-3B). 

Check call rate. 

'With a p-value cutoff of 0.33. 

Detai ls 

Non-FFPE samples: The PCR products should pro­
vide a smear from approximately 100 bp to > l kb. 
FFPE samples: The larger PCR products will likely be 
missing, but there should be robust amplification of 
smaller PCR products. Do not proceed with samples 
that do not provide strong bands greater than 300 bp. 

Non-FFPE samples: These should provide >90 µg 
yield from a pool of three PCR reactions. 
FFPE samples: These may have significantly reduced 
PCR yields. Ideally, samples should provide 90 µg 
when six or nine PCRs are pooled. If 90 µg is not 
attained with nine PCRs, expect minimal perform­
ance from this sample. Generally, higher yields of 
PCR products indicate larger numbers of SNPs that 
can be included during data analysis. 

Fragmentation products should be approximately 50 
to 100 bp, for both FFPE and non-FPPE samples. 

Non-FFPE samples: The best data are found when the 
call rate ( the percentage of SNPs assigned genotypes) 
is;,,: 93%" when using the DM algorithm and;,,: 96%*' 
when using BRLMM (both algorithms are applied in 
the genotyping software GTYPE 4.1). 
FFPE samples: These often have reduced call rates. 
Nonetheless, call rates are usually above 70% for suc­
cessful application. Values lower than this suggest 
poor data quality. 

"With a p-value cutoff of 0.33 and a BRLMM score threshold of 0.5. 
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There are a few modifications recommended for application of FFPE samples to the Mapping 
array. During WGSA, increasing the number of amplification reactions to obtain 90 µg of PCR 
product before fragmentation generally improves data quality. Modifications during data analysis 
are also necessary, and these are discussed in Chapter 22 of this manual. Whole-genome amplifi­
cation of precious DNA samples can be paired with the WGSA assay when using high-quality 
DNA samples (Wong et al. 2004; Zhou et al. 2005); but, at this time, there are no recommenda­
tions available for performing whole-genome amplification on degraded samples before 
application to the Mapping assay. 
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INTRODUCTION 

The ability to discover and accurately 
measure chromosome copy number (CN) 
amplifications, deletions, and loss of het­
erozygosity (LOH) in cancer samples has 
great clinical potential for diagnosis, prog­
nosis, and treatment decisions (Slamon et 
al. 2001). A primary challenge in copy 
number determination is the ability to 
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make quantitative as well as qualitative genotyping measurements. Cancer samples present the 
additional challenges of sample purity (mixtures of cancer and normal cells in the assayed tissue); 
low DNA sample amount; and in the case of archived formalin-fixed, paraffin-embedded (FFPE) 
samples, physically and chemically degraded DNA which does not amplify well and is difficult to 
assay with existing methods (van Beers et al. 2006); Several array-based techniques have been 
developed to assess DNA copy number. The ideal copy number assay would provide in a highly 
multiplexed fashion genotype and precise copy number estimation not only on abundant, high­
quality DNA samples, but also on low amounts of degraded DNA. Chapter 12 describes the use 
and many advantages of molecular inversion probes (MIPs) in targeted SNP genotyping. The 
advantage of utilizing MIPs in the study of copy number stems from its exquisite specificity due 
to the requirement of the interaction between two homology sequences on the same molecule as 
described in Chapter 12. In addition, the small target sequence requirement (-40 bp of homology 
with the probe's terminal detection sequences) makes it suitable for the study of degraded sam­
ples. These features make the MIP-genotyping assay well suited to the challenge of copy number 
determination even in low amounts of unamplified, degraded sample DNA. The quantitative 
capabilities of the MIP genotyping assay are illustrated below in a modified version of the assay, 
not yet commercially available. This version requires <75 ng of unamplified genomic DNA and 
was tested with a 50,000-plex MIP genome-wide human panel on DNA derived both from nor­
mal and cancer cell lines and from FFPE samples, and it performed very well on each. To deter­
mine the copy number for each allele of a given marker in an unknown sample, each allele's signal 
intensity is first calibrated against copy number in a set of reference samples. 
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RESULTS OF CN ESTIMATES FROM MIP GENOTYPING ASSAY 
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To assess the accuracy and precision of MIP CN estimates, the assay was run on cell lines hav­
ing various numbers of copies of the X chromosome, from lX males to 3X, 4X, and SX lines 
(cell lines were obtained from the Coriell Institute, Camden, New Jersey). The 50K-plex panel 
contains >900 scorable markers on the X chromosome. Plots of marker CN versus chromo­
some are shown in Figure 17-1 for lX (male), 3X, 4X, and 5X cell lines. The markers on each 
chromosome are distinctly colored from their neighbors, and autosomes are ordered from left 
to right starting with Chromosome 1 on the left (red) through Chromosome 22 on the right 
(pink), with the X-chromosome markers on the extreme right (peach). Each marker CN value 
is unsmoothed but, nonetheless, shows high precision; smoothing of only two markers 
increases this precision still further. The CN estimates for X-chromosome markers in lX male 
lines was 1.06 with a relative standard deviation (rsd) of 0.12; for the 3X cell line, CN == 3.09 
with rsd = 0.10; for the 4X cell line, CN = 3.98 with rsd = 0.10; and for the 5X cell line, CN = 
4.96 with rsd = 0.10. Copy number estimates are both accurate and precise within this range. 
It is noteworthy that the assay has been able to identify some putative regions of CN aberra­
tion in these cell lines, e.g., the apparent amplification seen in Chromosome 14 (purple) in the 
3X line. Additional data with spikes of known concentrations show that the assay is linear to 
>50 copies (data not shown). 

The ability of the assay to identify deleted regions and amplified regions within this range is 
further illustrated in Figure 17-2. The figure depicts the chromosome CN plot of the cancer cell 
line UACC812 (cell line obtain~d from the American Type Culture Collection [ATCC]). The 
chromosomes are ordered from left to right, with Chromosome 1 on the far left and X chromo­
some on the far right. Striking increase in copy number is evident for several markers. The lev­
els of several of these amplifications have been confirmed also by TaqMan measurements (Wang 
et al. 2005). 

In a third example of this application, the ability of this modified MIP assay to perform well 
on DNA derived from both normal and tumor FFPE samples has been investigated. In this case, 
DNA was purified from several 10-µm slices of all sample blocks using a standard QIAmp DNA 

1X 3X 4X 

FIGURE 17-1. Accuracy and precision of CN measurements in X-chromosome titration cell lines. Four plots are 
shown (left to right): for 1 X (male), and for 3X, 4X, and SX cell lines. In each plot, the autosomes are ordered from 
left to right, with Chromosome 1 on the left (red) through Chromosome 22 on the right (pink), and with the X chro­
mosome markers (peach ) on the extreme right. All points represent the CN sum of both alleles and are derived 
from unsmoothed CN measurements. Details of the results are discussed in the text. 



Petitioner Illumina, Inc., EX1016, p. 251

MIP Targeted Genotyping I 251 

50 

I 
I • I 

-•-- ·r· ... _. - -- - 1 -i-

l ~· I ;;; 
:-;- i~ 
. ' ' 
.. --...... 

e:hr01JXl1057120 chl02.00S23S887 ch!OJ.192795125 chrOS.0811 14390 c:hl'OS,000214976 chr12.023998069 chr_X.011578428 

FIGURE 17-2. UACC812 cancer cell line amplifications and deletions. In this plot, also, the chromosomes in this 
cancer line are ordered from left to right, with a series of colored markers representing Chromosomes 1 through 
22. The colored tracings depict amplification or deletion of the corresponding markers. All points represent the CN 
sum of both alleles and are derived from unsmoothed CN measurements. 

purification procedure (Qiagen) and assayed under the same conditions as those described above 
for the cell line DNAs. A CN-versus-chi-omosome plot from a representative normal, male FFPE 
sample is shown in Figure 17-3. As shown in the cell line plots in Figure 17-1, each point repre­
sents a CN measurement for a single, unsmoothed marker. In Figure 17-3, the plot shows both 
accurate quantitation of the known 1-copy markers on the X chromosome (peach-colored, 
extreme right side of plot) and very good discrimination between these and the 2-copy autosomal 
markers (remaining series of colored markers representing Chromosomes 1 through 22). Thus, 
the MIP genotyping assay can provide high-quality CN measurements on DNA from both normal 
and FFPE samples. 

SUMMARY AND CONCLUSIONS 

Beyond affording highly accurate genotypes, the fundamental properties of the MIP assay system 
enable accurate and precise copy number measurements of highly multiplexed marker sets. Due 
to the assay's high specificity and large dynamic range, accurate measurement of deletions and 
amplifications over nearly 2 orders of magnitude can be made; the absence of cross-talk among 
alleles permits accurate allele-specific copy number determination without smoothing of adjacent 
markers. The small footprint of MIP probes on their genomic target (-40 bp) makes them well 
suited for copy number measurements in degraded DNA from FFPE samples. This has been 
demonstrated, here, at the 50,000-plex level and thus allows this technology to be applied to 
genome-wide assessments of deletions, amplifications, and LOH. 
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FIGURE 17-3. CN plot for normal male FFPE tissue (1X vs. 2X). DNA was purified from several 10-µm slices of 
sample FFPE tissue blocks using a standard QIAmp DNA purification procedure (Qiagen). The organization of chro­
mosomes is as described in Fig. 1 7-1 (2X autosomes from left to right and 1 X chromosome on far right), and the 
CN genotyping assays were performed under the same conditions as described in Fig . 17-1 for the cell line DNAs. 
All points represent the CN sum of both alleles and are derived from unsmoothed CN measurements. Details of 
the results are discussed in the text. 
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INTRODUCTION 

During the 1990s and the first several 
years of this century, microsatellites or 
short tandem repeats (STRs) were the 
workhorse genetic markers for hypothesis­
independent studies in human genetics, 
facilitating genome-wide linkage studies 
and allelic imbalance studies. However, 
with the rise of higher-throughput and 
cost-effective single-nucleotide polymor­
phism (SNP) platforms, we are currently 
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in the era of the SNP for genome scans. Nevertheless, it is important to note that microsatellites 
remain highly informative and useful measures of genomic variation for linkage and association 
studies. Their continued advantage in complementing SNPs lies in their greater allelic diversity 
than biallelic SNPs as well as in their population history, in which single-step expansion or con­
traction of the tandem repeat on the background of ancestral SNP haplotypes can break up 
common haplotypes, leading to greater haplotype diversity within the linkage disequilibrium 
(LD) block of interest. In fact, microsatellites have recently starred in association studies leading 
to widely replicated discoveries of type 2 diabetes (TCF7L2) and prostate cancer genes (the 8q21 
region) (Amundadottir et al. 2006; Grant et al. 2006). At the end of the day, it will be important 
to catalog all variation, including SNPs, microsatellites, copy number variations, and polymorphic 
inversions in human genetic studies. This chapter describes the utilities of microsatellites and 
experimental approaches in their use. 

Use of Microsatellites in Linkage Studies 

Microsatellites have long been the variant of choice in linkage studies for several reasons. First, 
they have great diversity of alleles, averaging five to ten alleles. This leads to a heterozygosity rate 
of commonly used microsatellites from 50% to 80%; in contrast, the best possible heterozygosity 
rate of biallelic markers such as SNPs is 50%, but in practice the heterozygosities of SNPs average 
30% or lower. This increase in heterozygosity leads to much higher information content when using 
microsatellites than when using the same number of SNPs. Advocates of SNPs for linkage have sug­
gested that SNPs can be much more informative if one is doing multipoint linkage and using much 
larger numbers of SNPs (five- to tenfold more SNPs than microsatellites). That _is certainly true if 
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the SNPs can be reliably typed and quality controlled and are not at too high a density to result in 
LD between SNP markers. Failure to ensure that linkage markers are not in LD results in very 
impressive artifactual linkage peaks; since linkage programs assume that all markers are in linkage 
equilibrium. 

Second, microsatellites were the first variant that could be measured systematically from small 
amounts of DNA using PCR tied to high-throughput radioactive fragment separation by poly­
acrylamide electrophoresis, replacing the unwieldy Southern-blot-dependent restriction fragment 
length polymorphisms (RFLPs) by the early 1990s. Further scale-up of throughput by an order of 
magnitude came by replacing _radioactive labeling with fluorescent labels of PCR fragments and 
automatic real-time reading of fragments separated by Applied Biosystem sequencers (Davies et al. 
1994). The fluorescent labeling allowed for multiplexing markers labeled with different dyes and 
of different lengths in the same lane, as well as an internal molecular-weight standard within each 
lane on the slab gel, greatly increasing the accuracy of length assessment. Robotic mixing of DNA 
with PCR reagents and allele-calling software systems became necessary to keep up with this 
scale-up in throughput (Palsson et al. 1991). By the end of the 1990s, this high throughput was 
greatly expanded with the release of the capillary electrophoresis methods, which allowed auto­
matic loading and prevented cross-contamination or cross-bleaching of lanes that sometimes 
plagued gel electrophoresis. One ABI 3730 can currently generate at least 30,000 genotypes per 
day. This sounds very modest compared to the current SNP chips. However, it is important to 
realize that microsatellite genotyping remains very cost-competitive with custom-designed SNP 
typing when one takes into account the increased information content per marker. 

Third, microsatellites are easy to quality control. As with SNPs, microsatellites can occasionally 
suffer from allelic dropout (i.e., failure to measure one of the two alleles sometimes leading incor­
rectly to a homozygote genotype) due to a SNP within the primer site. The rate of this occurrence 
is similar between microsatellites and SNPs. However, when allelic dropout occurs in a particular 
SNP, it is much more difficult to detect than when it occurs with a microsatellite, given the large 
difference between heterozygosities. About three times as many genotyping errors due to allelic 
dropout will be missed for SNPs as for an equal number of microsatellites. If the number of SNPs 
required to generate good information content (90%) for a given set of pedigree structures is 5- 10 
times the number of microsatellites needed to yield the same level of information content, the 
number of SNP markers plagued by undetected genotyping errors may be 15-30 times that from 
an equivalent microsatellite scan. Therefore, quality control is even more important for accurate 
SNP linkage scans than for micrnsatellite scans. 

Fourth, there is a high-resolution genetic map created with microsatellites but not for SNPs. 
The deCODE Genetics High-Resolution Genetic Map (HRGM) published in 2002 (Kong et al. 
2002) was created with 5136 curated microsatellite markers using 1257 meiotic events (average 
resolution, 0.6 centiMorgan [cM]). The Marshfield map, which was created using more than 8000 
microsatellite markers, has much lower resolution (3 cM) because the number of meiotic events 
within the pedigrees was only 188. Illumina created a map using 4000 SNP markers but used fam­
ilies with a similar number of meiotic events as used for the Marshfield map (Murray et al. 2004). 
Some have tried to interpolate genetic distance by overlaying the SNPs by physical position over 
deCODE's microsatellite markers, However, because physical distance is almost never propor­
tional to genetic distance, significant errors may occur in estimation of genetic distance, which can 
lead to both false-positive and false-negative linkage signals (Gretarsdottir et al. 2002). 

Microsatellite genotyping is not straightforward, and not many labs can efficiently validate and 
use microsatellite assays. Fortunately, there are several high-throughput laboratories that can com­
petently and cost-effectively carry out microsatellite genotyping with very little error (less than 
0.3-1 % ). Marshfield Clinic, led by the key developer of microsatellite genotyping, James Weber, was 
the pioneer in high-throughput microsatellite genotyping services (Weber and Broman 2001). 
Weber has recently moved to a private company (www.preventiongenetics.com). CIDR is another 
source for genotyping services, although it is focused on 10-cM framework marker scans and not 
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custom microsatellites to follow up initial linkage signals (www.cidr.jhmi.edu). The largest 
microsatellite genotyping laboratory offering contract services is the author's deCODE Genetics, 
which provides high-density genome scans using 500, 1000, 2000, and 5000 microsatellite mark­
ers (www.decode.com/genotyping). It also offers region-specific high-density panels for selectively 
increasing information content within initial linkage peaks, as well as efficient custom-design 
microsatellite marker discovery and testing for association studies (see below). 

In summary, microsatellites have been the most widely used variant for linkage studies and 
remain so, even in this era of high-density SNP genotyping. Methods for their use in linkage are 
beyond the scope of this chapter, but may be found in Gulcher and Stefansson (2006). 

Use of Microsatellites in Association Studies 

It has become clear that most functional variants in genes contributing to common diseases are 
not nonsynonymous SNPs found in coding exons, but instead, appear to affect gene expression 
and RNA splicing. The wealth of data from the HapMap project allows more careful selection 
of a subset of nonredundant SNPs that tag independent haplotypes ( tag-SNPs) for each LD block 
to act as surrogates for functional variants. To date, Illumina is the only vendor of genome-wide 
high-density SNP chips that has taken advantage of the HapMap data, using it to define and select 
tag-SNPs for its 300K, 550K, 650K, and IM SNP bead chips. This contrasts with the alternative 
approach of random SNP selection, as practiced by vendors such as Affymetrix. 

tag-SNP selection is covered in detail in Chapter 19. The end result of a whole-genome scan 
using tag-SNPs is that LD blocks are defined, within which SNPs are highly correlated and haplo­
type diversity is typically low. A potential disadvantage of the limited diversity in the haplotypes 
that define the haplotype space within the LD block can be overcome with microsatellites. We note 
that many groups report using a few tag-SNPs within each LD block and find that those SNPs 
define at least 90% of haplotypes in the LD block. However, it is very important to realize that hap­
lotype coverage does not equal haplotype diversity. Therefore, many studies will be underpowered 
to find a correlation between the given LD block in the corresponding gene and the disease of 
interest if the frequency of the marker allele used is much greater than the frequency of the func­
tional variant for which it is a surrogate (Ke et al. 2004). 

In practice, one is attempting to use tag-SNPs and haplotypes as surrogate markers for under­
lying functional variants within the same LD block. The power of that surrogate is proportional 
to the degree of correlation between the surrogate and the functional variant as measured by R2 

(Ke et al. 2004). Unfortunately, if the frequencies of the surrogate and functional variants are not 
similar, there is a substan.tial loss in power for case/control association studies. For example, if one 
used a common hap lo type or tag-SNP with a population allelic frequency of 30% to detect a func­
tional variant with a frequency of 10%, there would be a 10-fold drop in power. Thus, for a 
case/control association study looking at 300 patients and 300 controls, the power would be equiv­
alent to studying 30 patients and 30 controls, essentially wasting the expensive recruitment and 
phenotyping effort. 

Therefore, it may be prudent to define not only haplotype coverage but also haplotype diver­
sity within each LD block in the study. It is helpful to create a measure of haplotype diversity. If 
our goal is to have efficient surrogates of functional variants, and if we assume that we want to be 
powered to find variants as low as 5-10% allelic frequency in the general population, the ideal set 
of haplotypes would number ten, and each would have an equal allelic frequency of 10%. 
Therefore, we set an arbitrary measure of haplotype diversity as the sum of the frequencies of hap­
lotypes that are each less than or equal to 10%. For example, if there are three common haplotypes 
each of 20% frequency and four other haplotypes each of 10%, haplotype diversity would equal 
40% and we would say the remaining 60% of haplotype space has inadequate diversity. 

Within the average LD block of 60 kb, six to ten common tag-SNPs may be selected to account 
for much of the information of the 50-60 Hap Map SNPs. This can lead to substantial savings in 
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TABLE 18-1. Previous Estimates of the Microsatellite 
Mutation Rate per Generation 

Mutation rate per 
generation 

0.000194 
0.00045 
0.00056 

Reference 

Huang et al. (2002). 
Whittaker et al. (2003). 
deCODE experience 

genotyping costs. Assuming no historical recombinations between the markers, there are 
expected to be no more than N + 1 independent haplotypes tagged by N SNPs within an LD 
block. Thus, only six tag-SNPs within a block of strong LD would define, at most, seven haplo­
types (one variant per haplotype). However, seven independent haplotypes would have an aver­
age frequency of 14%, which would not come close to satisfying the arbitrary ideal criterion of 
having no haplotype more frequent than 10%. One solution to this problem is to attempt to 
divide common tag-SNP-defined haplotypes further by adding one or two microsatellites to each 
LD block of interest. 

Microsatellites complement SNPs as useful markers for allelic association to disease, even 
though they are not as stable as SNPs during population history. However, their average mutation 
rate is lower than originally reported by Weber (see Table 18-1) (Beckman and Weber 1992). Our 
estimate, based on tens of thousands of microsatellite markers first qualified as Mendelian by a 
plate of 30 triads, is about 5 x 10-4 or 1 mutation per 2000 generations. This is consistent with two 
other studies that looked at a large number of microsatellites (Huang et al. 2002; Whittaker et al. 
2003). This mutation rate is not ideal for maintaining strong LD between the surrogate, marker 
and a high-frequency underlying functional disease variant. However, this mutation rate is actu­
ally ideal for common functional variants of intermediate frequency (e.g., 2-40%). As an exam­
ple, microsatellite alleles can tag HLA extended haplotypes of intermediate frequency 
(Vorechovsky et al. 2001). Because one microsatellite can have 5-20 variants, it may effectively split 
up haplotype space within a given LD block. Furthermore, microsatellites can break up common 
ancestral SNP haplotypes to less common microsatellite/SNP haplotypes. This provides an effi­
cient method to greatly increase haplotype diversity in any given LD block. For a real example, 
Table 18-2A shows 10 independent haplotypes defined by 6 tag-SNPs within a single LD block of 
about 100,000 bases. About 70% of haplotype space is not adequately covered by haplotypes of 

TABLE 18-2. Haplotype Diversity within a Given LD Block 
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10% frequency or lower. Addition of just one microsatellite in Table 18-2B leads to diversification 
of the common haplotypes. Now, no SNP/microsatellite haplotype has a frequency greater than 
10%. For example, the first SNP haplotype in Table 18-2A has a high frequency and is broken up 
into at least two haplotypes oflower frequency by the addition of the microsatellite (Table 18-2B). 
Note that the microsatellite can be too variable, breaking up haplotypes into too many low-fre­
quency haplotypes that may be below the frequency of the functional variant. However, the hap­
lotype association analysis can be done with two runs-SNPs with microsatellites, and SNPs 
without microsatellites with appropriate correction of p-values for twice the number of tests. 

In practice, microsatellites have been quite useful for detecting significant associations to com­
mon diseases. For example, the widely replicated gene for type 2 diabetes, TCF7L2, was found by 
positional cloning through a genome-wide linkage scan of Icelandic families (Reynisdottir et al. 
2003) with 1200 microsatellites. The follow-up locus-wide case/case association study of 1185 
Icelandic patients and 931 controls applied 228 microsatellite markers over the two-LOD (log of 
the odds) drop interval ( 10.5 Mb) of the suggestive linkage peak on chromosome 10 ( Grant et al. 
2006). The average spacing of the microsatellites for the association study was 46 kb, resulting in 
an average of 1 or 2 microsatellites per LD block. Single-marker association using the Fisher exact 
test found a single microsatellite marker, DG 10S478, within intron 3 of the TCF7L2 gene with sig­
nificant association to the most common allele with a relative risk (RR) of 0.67 ( uncorrected 
p-value of 2.1 x 1 o-9). We noted that the other alleles with greater than 2% frequency showed a RR 
of 1.21 to 1.53 (see Table 18-3i). We merged all of the less common alleles into one common 
composite allele, called X, which gave a significant RR of 1.5 and a population allelic frequency 
of 0.276. The microsatellite association was replicated in a Danish cohort and a U.S. cohort 
(see Table 18-3ii). Note that the allelic frequencies and RR are quite similar across these three 
Caucasian populations. The overall RR is 1.56 with a corrected p-value of 7.8 x 10-15 and RR of 2.4 
for homozygotes in a multiplicative model (Grant et al. 2006). 

After we replicated this marker, we looked for HapMap SNPs in the same LD block within 
TCF7L2 that might show equivalent or even better risk. 'fhere were five SNPs that showed strong 
LD with the common microsatellite allele, and all showed significant association to type 2 dia­
betes, but none demonstrated as strong association or RR as the microsatellite (Grant et al. 2006). 
The best SNP, rs7903146, has now been replicated in about 20 populations, including Caucasians 
( e.g., Damcott et al. 2006; Florez et al. 2006; Groves et al. 2006) and Africans (Helgason et al. 2007). 
Our recent genome-wide association ( GWA) scan using genotypes from a 317K Illumina bead 
chip array run on 1491 Icelandic T2DM patients and 4712 controls found the SNP with the best 
single-marker association to be the same SNP in TCF7L2, rs7903146, found through the positional 
cloning described above. The association had an uncorrected p-value of 3.7 x 10-13, assuming a 
multiplicative model, which far exceeds the threshold of 1.3 x 10-7_ 

TABLE 18-3. Microsatellite Association Studies 

Allele Affected freq. Control freq . RR Two-sided P 

(i) All alleles of DG10S478 
Iceland (1185 / 931) 0 0.636 0.724 0.67 2.1 X 10-9 

4 0.005 0.002 2.36 0.12 
8 0.093 O.G78 1.21 0.090 

12 0.242 0.178 1.48 4.6 X 10-7 

16 0.022 O.Gl5 1.53 0.076 
20 0.001 0.003 0.39 0.17 

(ii) Allele X of DG!OS478 
Iceland (1185 / 931) X 0.364 0.276 1.50 [1.31 , 1.71] 2.1 X 10-9 

Denmark (228 / 539) X 0.331 0.260 1.41 [1.11, 1.79] 0.0048 
USA (361 / 530) X 0.385 0.253 1.85 [1.51, 2.27] 3.3 X 10-9 

Combined X 1.56 [1.41, 1.73] 4.7 X 10-18 
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A second example of the utility of microsatellites for association studies is the widely repli­
cated association of markers on chromosome Sq to prostate cancer. deCODE performed linkage 
studies using its genome-wide set of 1200 microsatellite markers to map prostate cancer to 
chromosome Sq (Amundadottir et al. 2006). Over a 10-Mb segment, 358 microsatellite assays 
were designed within the linkage peak at a density of 28 kb and used to genotype a case/control 
cohort with 869 unrelated Icelandic patients and 596 controls. Association was found to the com­
mon allele O of DG8S737 with a RR of 1.79 and was significant even when accounting for the 
number of tests. This microsatellite association was replicated in Swedish and U.S. Caucasian 
cohorts of prostate cancer. However, the most interesting aspect was that this microsatellite 
marker showed even stronger association to prostate cancer in African-Americans than in 
Caucasians (population-attributable risk of 16% versus 8%). This shows that microsatellites can 
be useful for confirmation studies across populations and even across ethnicities. The same 
microsatellite marker has been replicated in other populations (Freedman et al. 2006). Our recent 
GWA study, using the 317K SNP bead chip from Ill umina, once again shows the strongest signif­
icant association to a SNP in strong LD to this microsatellite. Depending on one's point of view, 
these diabetes and prostate cancer studies validate one or more of the following four approaches: 
(1) Linkage is useful to map common disease genes, (2) GWA is useful to find common disease 
genes, (3) microsatellites are useful for discovery of common disease genes and their replication, 
and ( 4) the Illumina 317K bead chip produces data that appear to be unaffected by yield dispar­
ity or how alleles are called between cases and controls (which can lead to dramatic false-positive 
signals that drown out the true positives). 

Experimental Approaches to the Use of Microsatellites in Case/Control Studies 

This section gives more details on.the use of microsatellites in practice for case/control association 
studies within candidate regions or genes. For candidate gene studies, microsatellite markers are 
useful complements to tag-SNPs that are selected for each LD block. A typical study selects about 
five tag-SNP markers in each LD block overlapping the candidate gene, using SNP selection pro­
grams such as Tagger (de Bakker et al. 2006). One or two microsatellite markers can also be added 
to each LD block to diversify the haplotype space. 

Microsatellite markers may be found using the tandem repeat finder (TRF) program from 
Benson (1999). Primers are designed using adequate criteria for PCR assays, and primers that 
include repeats or known SNPs in the sequence are excluded. We estimate the likelihood of a suc­
cessful microsatellite (i.e., a readable and polymorphic marker) by associating the characteristics 
of the microsatellite, including monomer length, microsatellite length, and repeat structure, with 
experimental success in a set of more than 25,000 microsatellite markers previously designed and 
tested at deCODE. We use this information to rank the putative microsatellites according to 
expected quality, and we have identified more than 40,000 putative microsatellites in the genome 
that we classify as rank 1. In our experience, more than 70% of these turn out to be usable. 
However, a good portion of the predicted microsatellites in the lower ranks also result in validated 
assays such that densities of 10-40 kb are usually achievable in candidate regions. 

We have found rnicrosatellite markers useful to ultrafine-map linkage peakintervals during the 
follow-up case/control association study to isolate the disease gene. Although one may choose to 
select only those linkage peaks that meet criteria for significant genome-wide linkage, we have 
found that even suggestive linkage peaks are useful for picking regions of the genome for ultrafine 
mapping. In fact, in the type 2 diabetes and prostate cancer studies described above which resulted 
in the most widely replicated genes in those diseases to date, the linkage peaks were only modest. 
However, it is important to point out that we apply affecteds-only allele-sharing linkage analysis 
without specification of the inheritance model. This greatly decreases the number of tests, since a 
parametric linkage study may look at more than 100 models that can lead to high rates of false­
positive linkage. 
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We also find microsatellite markers useful to follow up on the strongest association signals in 
high-density GWA studies. Most of the strongest associations in GWA studies are due to very 
common alleles with very modest risk, such as 1.2-1.4. It is useful to follow up on such signals in 
the discovery population using extra markers within the same LD block ( as well as other LD 
blocks in the same gene), including additional tag-SNPs and one or two microsatellites. This may 
lead to better capture of the original signal but with a higher RR, or it may lead to the discovery 
of other disease-associated variants in the same LD block or in other parts of the same gene. If one 
finds even stronger signals than the original tag-SNP on the chip, this may improve the chances of 
replication if it is a true disease gene. 

Data from genome-wide linkage studies using microsatellites are still useful in the current 
GWA era, especially when one must correct the p-values by 317,000 or 550,000 SNP marker tests. 
One can prespecify linkage intervals that are used in the primary analysis in the GWA study. For 
example, if one selects the top five or six suggestive linkage peaks covering only 3% of the genome, 
then the correction may be for only 10,000 SNP tests within those peaks rather than for all 317,000 
tests. The secondary analysis would run the rest of the genome. 

For our strongest linkage peaks, the high-density SNP genotypes from the bead chip repre­
sent at the least very efficient ways to ultrafine-map the linkage intervals for the follow-up 
case/control association. However, it is useful to complement such high-density data with 
microsatellites for increased haplotype diversity, since there are only six to nine tag-SNPs per LD 
block on average. 

Defining haplotype diversity is one method for determining adequacy of coverage of each can­
didate gene or interval LD block. As described above, one goal is to use enough SNP and 
microsatellite markers to leave no haplotype in a given LD block with a frequency greater than 
10%. Inadequate haplotype diversity in an LD block may lead to the situation in which the disease­
associated functional variant is on the background of a very common ancestral haplotype. If the 
variant is only on a portion of the common haplotype, that haplotype may not show tight enough 
correlation to the disease, and the gene association will be missed. In this case, the haplotype 
was a poor surrogate for the underlying functional variant. It is straightforward to integrate 
microsatellite markers into the LD patterns. The standard definitions of D' and R2 are extended to 
include microsatellite markers by determining the average of the values for all possible allele 
combinations of the two markers weighted by the marginal allele probabilities. Single point and 
haplotype associations comparing the patient group with controls are carried out as described in 
other chapters in this manual. Although there are no accepted criteria to define statistical signif­
icance of a haplotype or SNP association, it is · clear that p-values should be corrected by the 
number of tests performed (including number of markers [alleles-I], phenotype runs, and sta­
tistical methods used). It is also clear that replication in other independent cohorts of the disease 
is necessary, 

For any significant association results, one must check for population stratification. It is 
important to confirm the self-reported ethnicity in each group and to ensure that the genetic 
backgrounds of the patient group match those of the control groups. Microsatellite marker sets are 
especially informative in distinguishing major ethnic groups. To evaluate genetically estimated 
ancestry of the study cohorts, we use a panel of 75 unlinked microsatellite markers from about 
2000 microsatellites genotyped in a multiethnic cohort of 35 European-Americans from 
Baltimore; 88 African-Americans from Pittsburgh, Baltimore, and North Carolina; 34 Chinese 
(Canton); and 29 Indian-Americans (Zapotec) (Helgadottir et al. 2006) . Of the 2000 microsatel­
lite markers, the selected set showed the most significant differences between the European­
Americans, African-Americans, and Asians, and implicitly Indians, and also had good quality and 
yield. Another study by Tang et al. (2005) also used 31 of these markers. 

Using genotype data from these markers on the ethnic plates (i.e., the Caucasian, West African, 
and Asian HapMap plates, each of 96 samples), Structure software will estimate the genetic back­
ground of test individuals (Pritchard et al. 2000; Falush et al. 2003). Structure infers the allele fre-
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quencies of K ancestral populations on the basis of multilocus genotypes from a set of individu­
als and a user-specified value of K, and assigns a proportion of ancestry from each of the inferred 
K populations to each individual. One can use the ethnicity panel in two ways. First, one can 
include in the analysis only those Caucasians who have at least 90% European ancestry in patients 
and controls. Second, we have modified the NEMO haplotype association algorithm to adjust for 
differences in genetic background between cases and controls so that one can include all 
Caucasians according to self-report (Helgadottir et al. 2006). 

SUMMARY AND CONCLUSIONS 

In summary, microsatellites have demonstrated utility in both linkage and association studies. The 
fact that they have higher mutation rates than single-base substitutions allows them to break up 
apparently immutable common SNP haplotypes into lower frequencies that may better match func­
tional variants of intermediate frequency or the rare functional variants they are meant to detect. : 
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