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Technical advances have improved the capacity to
detect and quantify genetic variants, providing
novel methods for the detection of rare mutations
and for better understanding the underlying envi-
ronmental factors and biological mechanisms con-
tributing to mutagenesis. The polymerase chain
reaction (PCR) has revolutionized genetic testing
and remains central to many of these new techni-
ques for mutation detection. Millions of genetic var-
iations have been discovered across the genome.
These variations include germline mutations and
polymorphisms, which are inherited in a Mendelian
manner and present in all cells, as well as
acquired, somatic mutations that differ widely by
type and size [from single-base mutations to whole
chromosome rearrangements, and including submi-
croscopic copy number variations (CNVs)]. This
review focuses on current methods for assessing
acquired somatic mutations in the genome, and it

examines their application in molecular epidemiol-
ogy and sensitive detection and analysis of dis-
ease. Although older technologies have been
exploited for detecting acquired mutations in can-
cer and other disease, the high-throughput and
high-sensitivity offered by next-generation sequenc-
ing (NGS) systems are transforming the discovery
of disease-associated acquired mutations by ena-
bling comparative whole-genome sequencing of
diseased and healthy tissues from the same individ-
ual. Emerging microfluidic technologies are begin-
ning to facilitate single-cell genetic analysis of tar-
get variable regions for investigating cell heteroge-
neity within tumors as well as preclinical detection
of disease. The technologies discussed in this
review will significantly expand our knowledge of
acquired genetic mutations and causative mecha-
nisms. Environ. Mol. Mutagen. 51:851–870,
2010. VVC 2010Wiley-Liss, Inc.
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INTRODUCTION

Intense study of the human genome has been underway

for decades in an attempt to uncover genetic factors that

contribute to common human disease; however, the evolv-

ing human genome contains much more variation than

first anticipated, and researchers are still discovering new

variants. Approximately 1.4 million single nucleotide

polymorphisms (SNPs) were identified in the draft

sequence of the Human Genome Project, and, in the past

decade, the International HapMap Project and other

efforts have increased the number of entries in NCBIs

dbSNP database to more than 10 million [Lander et al.,

2001; Venter et al., 2001; Frazer et al., 2007]. As both

haploid and diploid versions of individual genomes are

finished, we now know that the draft reports of the human
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genome greatly underestimated the number of SNPs in

the human population, and we have learned that non-SNP

changes, such as block substitutions and indels, can

account for �20% of the variants in individuals [Levy

et al., 2007; Ng et al., 2008; Wang et al., 2008; Wheeler

et al., 2008; McKernan et al., 2009; Pushkarev et al.,

2009; Venter, 2010].

Laboratories that study the genetic basis for human dis-

ease are now equipped with the consensus human genome,

knowledge regarding millions of common variants in the

human population, and a variety of computational and ana-

lytical postgenomic tools; however, these tools do not

always allow extremely rare genetic variation to be identi-

fied in a population or detected in an individual. Elusive

mutations that contribute to common human disease can be

rare in two senses: (1) the variant can be rare within the

human population, so that the variant might not be discov-

ered even after the genome of 10s or even 100s of individu-

als have been sequenced and (2) the variant can be rare in

an individual, because it results from an acquired somatic

mutation. If a variant is rare in either sense, it will evade

detection in many typical genotyping assays. For example,

a feature for the variant will not be present on a DNA

microarray if it has not been discovered among the general

human population. Similarly, without prior knowledge of

the variant, specific polymerase chain reaction (PCR)

assays cannot be designed for its detection. Even if the vari-

ant is known, it might evade detection in genotyping assays

if the variant arose as an acquired somatic mutation in an

individual, because the clone harboring the variant will be

masked by the pool of ‘‘normal’’ tissue that surrounds it in

any routine biological specimen.

Most cancers are the result of acquired mutations in so-

matic cells that transform them into cells with unregulated

growth. The acquired mutations are transmitted to all cells

descended from the original cell that underwent the mutation,

giving rise to a clone of cells carrying the mutation as a

marker and possibly as a phenotypic trait (Fig. 1). This is par-

ticularly spectacular in the case of cancer, which often results

from the proliferation of a single or a small number of

clone(s) having acquired a selective growth advantage as the

result of mutation. Cancer involves extensive modifications

of the cell genome through multiple steps of somatic muta-

tion [Vogelstein and Kinzler, 1993; Lengauer et al., 1998;

Environmental and Molecular Mutagenesis. DOI 10.1002/em

Fig.1. Carcinogenic somatic mutations occur at the single-cell level and

then persist in tumor clones that differ genetically from the germline

sequence and sometimes from each other. DNA, along with other

cellular components, is under constant attack by reactive metabolites

generated by physiological processes as well as by chemical, physical, or

infectious agents present in the human environment. It is estimated that

each individual human cell can undergo damage to its DNA at a rate of

up to 106 molecular lesions per day [Lodish, 2003]. DNA repair systems

(primarily protein networks) detect and compensate for this extensive

damage, and failure of these repair networks to detect, process, or repair

DNA damage correctly leads to mutations. Here, a group of normal cells

(green cells with regular morphology) gradually acquire mutations before

one (top-right) undergoes carcinogenic transformation (becoming a green

cell with irregular morphology). This cell gives rise to a primary tumor

clone composed of cells that share its acquired mutation pattern, and

part of the tumor undergoes metastatic transformation to become a can-

cer stem cell (pink) that is capable of generating secondary tumors after

entering circulation. Both the cancer stem cells and other parts of the

primary tumor can enter the circulation and become circulating tumor

cells (CTCs), and these CTCs might be detectable in whole blood sam-

ples, but will be present only at very low levels. Eventually, secondary

tumors are formed, and if other parts of the primary tumor cells undergo

separate transformation and become metastatic through distinct mutations

(generating the blue cell), they too may go on to form secondary tumors

that will differ in their acquired mutational spectrum from the original

cancer stem cell (pink). Eventually, the cancer presents clinically and the

tumors may be biopsied and analyzed to determine the pattern of muta-

tion that is present; however, these changes are often undetectable early

in carcinogenesis. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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Greenman et al., 2007; Yeang et al., 2008]. These acquired

mutations only exist in a subset of cells, and they cannot be

detected by analyzing the germline sequence of individuals,

but instead must be detected at the level of single cells or

clones. Discovering ‘‘driver’’ mutations that lead to carcino-

genesis in a rare subset of cells is one key approach to the

early detection and treatment of cancer [Carter et al., 2009].

However, the detection of clonally expanding ‘‘driver’’ muta-

tions in tumors is further complicated by recent reports (and

reinterpretations of old data) that suggest a polyclonal origin

for many tumors in a variety of tissues (Parsons, 2008). The

technologies discussed in this review can generally be used to

detect acquired mutations of both polyclonal and monoclonal

origin, as long as the overall mutation frequency in a speci-

men is above the limit of detection for a given methodology.

However, the identification of key ‘‘driver’’ mutations within

a polyclonal tumor is a complex task, since there may be a

different ‘‘driver’’ or ‘‘drivers’’ for each clone. Furthermore,

even after a ‘‘driver’’ mutation is identified, the mutation will

only be present in a fraction of polyclonal tumor tissue and

will thus have a lower overall frequency in a specimen.

This review focuses on some of the established technol-

ogies for detecting and quantifying rare somatic mutations

in human samples before turning to the application of

next-generation sequencing (NGS) and digital PCR in

microdroplets to discover and detect rare genetic markers

that are associated with disease at the level of single cells

or clones. The use of NGS to completely sequence the

diploid genome in normal and diseased tissue from the

same individual is particularly powerful, as this approach

facilitates the discovery of new variants among the popu-

lation at large while also identifying key mutations that

have occurred on the pathway to a particular disease. To

constrain the review to a reasonable scope, we will not

review decade-old approaches in any detail, although

many of these approaches are still applied to achieve

highly sensitive detection of somatic mutations. Further-

more, we will constrain our focus to studies that analyze

genomic DNA (gDNA) directly for acquired mutations

and have thus excluded all discussion of epigenetic analy-

ses, mitochondrial DNA analyses, and transcript-based

methodologies, although many of the methods discussed

here can easily be adapted to study these analytes.

ESTABLISHEDMETHODS

Many well-established methods are available for detect-

ing somatic mutations. These methods differ in their tech-

nical approach, sensitivity, scope (one or multiple genes),

and resolution within the DNA sequence. Methods that

attempt to detect or quantify rare somatic mutations rely

on physical separation or enrichment of mutant copies to

increase their effective concentration relative to the back-

ground of germline DNA. This enrichment for mutant

DNA can be achieved at the level of tissue or cells with

laser capture microdissection and cell sorting, or it can

occur at the molecular level through allele-specific primer

design and other strategies that bias PCR amplification

in favor of mutant alleles. In this section, we review a

selection of current technologies that are suitable for the

detection of low levels of point mutations in a large back-

ground of wild-type DNA. Many of these highly sensitive

methods have the same limitation: they require prior

knowledge of the exact position and type of the mutation

and are therefore limited to the detection of known var-

iants. In this section, we review the following: (1) tradi-

tional methods with high sensitivity; (2) detection of

translocations by PCR and fluorescence in situ hybridiza-

tion (FISH); (3) allele-specific PCR (AS-PCR) and related

techniques; (4) DNA microarrays as cytogenetic tools; (5)

arrayed primer extension (APEX); and (6) short oligonu-

cleotide mass analysis (SOMA) and related techniques.

Traditional Methods with High Sensitivity

Mutant-enriched PCR (ME-PCR) is the most widely

used procedure for genotypic selection of mutant DNA. It

is based on enzymatic digestion of wild-type gDNA at

known mutation sites. This method selectively cleaves

wild-type sequences, thus providing enrichment in mutant

sequences. Two versions of this type of assay have been

commonly used. Restriction site mutation is based on

digestion before PCR amplification [Jenkins et al., 2003],

and restriction fragment length polymorphism (RFLP) is

based on restriction digestion after PCR [Kirk et al.,

2000]. Comprehensive review of these techniques is

beyond the scope of this manuscript, but excellent

reviews are available in the literature [Pourzand and Cer-

utti, 1993; Jenkins, 2004]. With both these techniques,

mutations are confirmed by sequencing of digestion-resist-

ant PCR products. Recently, a modified version of this

assay has been developed to detect mutations at DNA

positions that do not fall within restriction sites. This

assay uses two consecutive rounds of PCR to introduce a

synthetic restriction site in the wild-type allele, thus gen-

erating a PCR product amenable to restriction. Variations

of this method have recently been applied to detect infre-

quent (<0.1%) KRAS mutations both in circulating free

DNA present in the plasma of healthy subjects before di-

agnosis of cancer (Fig. 2A) and in tumors and serum

from nonsmall cell lung cancer cases [Gormally et al.,

2006; Cortot et al., 2010; Wu et al., 2010].

Using a PCR-RFLP-based methodology, Harris and col-

laborators adapted an assay initially developed by Cerrutti

and collaborators [Chiocca et al., 1992] to measure TP53

mutations in noncancerous liver, colon, and lung [Hussain

et al., 2000a,b, 2001]. This highly sensitive method is based

on the cloning of PCR products of the mutant allele into

phage lambda followed by plaque assay and oligonucleotide

hybridization to quantify mutant PCR products. Its sensitiv-

ity is an impressive one mutant DNA copy in about 107

Environmental and Molecular Mutagenesis. DOI 10.1002/em
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cells. Results have demonstrated increased mutation loads

in liver of patients with Wilson disease and in colon of

patients with ulcerative colitis (two oxyradical overload

cancer precursor diseases) [Hussain et al., 2000a,b] and in

the normal lung of heavy smokers without clinical evidence

of cancer [Hussain et al., 2001; Langerod et al., 2007].

However, these methods are labor-intensive and expensive,

limiting their application in molecular epidemiology.

Other common techniques include single-strand con-

formation polymorphism (SSCP), denaturing high-per-

formance liquid chromatography (DHPLC), denaturing

gradient gel electrophoresis, or related methods [Welsh

et al., 1997; Borresen-Dale et al., 2001; Bazan et al.,

2005; Keohavong et al., 2005; Yamanoshita et al., 2005;

Janne et al., 2006; Olivier et al., 2006; Young et al.,

2008; Szymanska et al., 2010]. Several protocols are

Environmental and Molecular Mutagenesis. DOI 10.1002/em

Fig. 2. Detection of low levels of KRAS (codon 12) mutation or of

TP53 mutation in circulating free plasma DNA (cfDNA) of healthy sub-

jects. In cancer patients, it is known that mutant DNA is released by

cancer cells. The significance of plasma DNA mutations for subsequent

cancer development in healthy subjects was assessed in a large longitudi-

nal prospective study by Gormally and collaborators. A: KRAS2 muta-

tions were detected by ME-PCR and sequencing (n 5 1,098), and (B)

TP53 mutations were detected by DHPLC, TTGE, and sequencing (n 5
550). Specifically, detection of mutations in codon 12 of KRAS2 was

achieved by two consecutive PCR-RFLP analyses, followed by sequenc-

ing of the mutant PCR product (white arrow). The DNA-binding domain

of TP53 was analyzed by DHPLC, and samples with abnormal chroma-

tograms were sequenced from an independent PCR product. If the muta-

tion was not detected by sequencing, a new PCR product was analyzed

by TTGE. Homoduplex products were excised from the TTGE gel,

reamplified, and sequenced (gray arrow, mutant-wild-type heterodu-

plexes; white arrow, mutant homoduplexes; black arrow, wild-type

homoduplexes; white star, mutant control heteroduplexes [top two bands]

and homoduplexes). This is the first report of TP53 or KRAS2 mutations

in the plasma of healthy subjects in a prospective study, suggesting that

KRAS2 mutation is detectable ahead of bladder cancer diagnosis.

Because other studies have shown that TP53 mutation may be associated

with environmental exposures, these observations have implications for

monitoring early steps of carcinogenesis. Figure from Gormally et al.

[2006]. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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available to retrieve and reamplify mutant DNA after pre-

screening, either by excision of shifted bands detected by

temporal temperature gradient electrophoresis (TTGE) or

SSCP or by collection of shifted peaks in DHPLC [Bazan

et al., 2005; Langerod et al., 2007]. This reamplified,

mutant-enriched material can then be analyzed by direct

sequencing. In one recent study, DHPLC and TTGE were

applied to detect mutant TP53 in the plasma of healthy

subjects (Fig. 2B) [Gormally et al., 2006].

Finally, in unique situations where mutant cells can be

identified by immunohistochemistry of morphology,

microdissection can be used to analyze single cells or

clones for mutations. In normal skin, the epithelium is

made of juxtaposed patches of cells originating from sin-

gle progenitors. Because many missense TP53 mutations

induce protein stabilization, immunohistochemistry can be

used to detect patches of cells with TP53 accumulation,

which are then microdissected and analyzed by PCR/

sequencing at the level of single cells or clones [Williams

et al., 1998; Ling et al., 2001].

Detection of Translocations by PCR and FISH

Translocations were the first class of mutations definitively

linked to cancers, and some of the earliest cancer screens

were based on the cytogenetic detection of translocations.

The association between the Philadelphia chromosome,

which is produced by a translocation between chromosomes

9 and 22 [t(9;22)], and chronic myeloid leukemia (CML) was

first reported in 1960, and the association between t(8;21) and

acute myeloid leukemia (AML) was reported not long after

[Rowley, 1973; Rowley and Potter, 1976; Nowell, 2007].

Several hematological malignancies have a remarkably

strong association with translocations; for example, t(14;18)

is detectable in �90% of follicular lymphoma cases, and

t(9;22) occurs in virtually all CML patients [Bende et al.,

2007; Vardiman, 2009]. It has now become evident that chro-

mosomal translocations are associated with several other

blood cancers and that they also play a role in prostate, breast,

and lung cancers among others [Nambiar et al., 2008]. Fur-

thermore, t(9;22) and t(14;18) are detectable in healthy indi-

viduals, making these mutations promising biomarkers of

early effect [Liu et al., 1994; Biernaux et al., 1995; Fuscoe

et al., 1996; Schmitt et al., 2006; Nambiar and Raghavan, in

press; Schuler et al., 2009; Bayraktar and Goodman, 2010].

Both these translocations have been found to increase with

age, and the frequency of t(14;18) was increased in cigarette

smokers [Bell et al., 1995]. More recent studies report an

association between pesticide exposure and both t(14;18)1

and t(14;18)2 non-Hodgkin lymphoma [Roulland et al.,

2004; Chiu et al., 2006; Agopian et al., 2009].

Highly sensitive and specific PCR assays to detect

translocations in gDNA can be easily designed if the

chromosomal breakpoints are well-defined by designing

forward and reverse primers that target different chromo-

somes. The use of a Taqman probe between the primers

enhances the specificity of the assay and also provides a

quantitative readout in real-time PCR (RT-PCR). Nested

primers and a second round of PCR can boost the sensi-

tivity of a translocation assay dramatically, and quantita-

tive detection has been achieved at frequencies as low as

1027 for some mutations [Roulland et al., 2006; Agopian

et al., 2009; Nambiar and Raghavan, in press]. Accord-

ingly, PCR testing for these mutations has become

common practice both when first diagnosing many hema-

tologic malignancies and when monitoring for minimal

residual disease [Bonassi et al., 1995; Schuler and

Dolken, 2006; Jolkowska et al., 2007; Gu et al., 2008].

However, even if the breakpoint locations are well

known, as is the case with t(14;18), many reports main-

tain that FISH is superior to PCR in sensitivity and com-

parable to PCR in specificity [Einerson et al., 2005;

Belaud-Rotureau et al., 2007; Gu et al., 2008]. FISH-

based detection of translocations relies on fluorescent

DNA probes that bind specifically to selected regions on

one or both of the involved chromosomes. Probe sets may

be designed in a variety of manners, including break-

apart, single-fusion, and dual-fusion designs. Dual-color,

dual-fusion FISH uses two different colored DNA probes,

one of which targets one chromosome, whereas the other

targets its translocation partner. The dual-color, dual-

fusion technique yields one normal signal for each chro-

mosome involved as well as a two fusion signals (one

from each of the derivative chromosomes) when the tar-

geted translocation is present. Multicolor karyotyping and

spectral karyotyping have expanded the capacity of FISH

techniques, facilitating broad cytogenetic analysis without

the need for specifically designed probes [Schrock et al.,

1996; Speicher et al., 1996; Bayani and Squire, 2004].

Recently, a microfluidic device was described for FISH

analyses that can reduce reagent costs by 20-fold and

technician labor by 10-fold [Sieben et al., 2007, 2008]. A

comprehensive review of FISH-based techniques for

assessing acquired translocations and other cytogenetic

abnormalities is a challenging task and is beyond the

scope of this review; instead, we refer the interested

reader to several recent reviews available in the literature

[Najfeld, 2003; Ventura et al., 2006; Sreekantaiah, 2007;

Halling and Kipp, 2007].

Allele-Specific PCR

Allele-specific PCR (AS-PCR) is based on the use of mu-

tant-specific primers (MSPs) primers that preferentially

anneal with mutant sequence. The PCR products are then an-

alyzed using conventional methods (e.g., SSCP plus

sequencing). AS-PCR analysis of TP53 mutations resulted in

the detection of mutated cells accounting for 0.01–1% of

cells, providing enough sensitivity to detect rare TP53

mutations as early biomarkers of relapse in AML and acute

Environmental and Molecular Mutagenesis. DOI 10.1002/em
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lymphocytic leukemia [Wada et al., 1994; Zhu et al., 1999].

AS-PCR may be combined with Taqman probes to detect

rare mutations in a quantitative manner. Behn and Schuer-

mann [1998] developed a variant of AS-PCR to target muta-

tional hotspots in the TP53 gene. This method combines

PCR-SSCP with sequence specific-clamping by peptide

nucleic acids (PNAs). PNAs are designed to preferentially

bind to wild-type DNA, and not extend, thereby blocking

amplification of wild-type DNA to yield a mutant-enriched

sample. A recent study combined PNA-clamping with asym-

metric primers and melting curve analysis using an unlabeled

detection probe to develop a simple and economical assay

for the detection of mutations in codon 12 of KRAS [Oh

et al., in press]. These authors were able to detect 0.1% mu-

tant DNA in colon cancer tissue. Another recent variation on

AS-PCR involved shortening the MSP at its 50-end to reduce

its Tm and then use a blocking oligonucleotide, complemen-

tary to the wild-type sequence but phosphorylated at the 30-
end to prevent extension to suppress nonspecific amplifica-

tion of the wild-type allele by the MSP and achieve detection

at mutant frequencies <0.1% [Morlan et al., 2009]. In

another recent variation on this theme, aberrant plasma cells

were first enriched using fluorescence-activated cell sorting

in cases of hematologic malignancies, and then wild-type

primer extension was suppressed using primers that were

modified at the 30 position with a C7 amino linker to block

polymerase elongation [Rasmussen et al., 2005; Rasmussen

et al., in press]. Finally, bidirectional pyrophosphorolysis-

activated polymerization allele-specific amplification assays,

which use two opposing 30-terminal-blocked oligonucleo-

tides, have recently been developed for the human TP53

gene [Shi et al., 2007]. These assays are extremely sensitive

and specific, allowing for single mutant molecule detection

in a large background (>3 3 109 copies) of wild-type DNA

[Liu and Sommer, 2004].

DNAMicroarrays as Cytogenetic Tools

Single nucleotide polymorphism arrays (SNP-A) and

comparative genomic hybridization arrays (CGH-A) have

been adapted for karyotypic analysis, and these technolo-

gies enable precise scanning of the genome for copy num-

ber variations (CNVs) with a sensitivity between 2 and

30% [Maciejewski et al., 2009]. Although these array-

based methods are less sensitive than FISH, their resolu-

tion is much higher, and they do not rely on cell division.

Furthermore, SNP-A can be used to detect copy number

neutral loss of heterozygosity (CN-LOH), which is not

detected using conventional metaphase cytogenetics.

CGH-A measures the difference between test and control

DNA, and the use of paired germline and tumor DNAs

from the same individual allows for definitive identifica-

tion of somatic lesions. Similarly, SNP-A analysis can be

rerun on paired, unaffected tissue (such as CD31 cells in

cases of myeloid malignancy) to confirm the somatic ori-

gin of CNVs [Huh et al., 2010; Jasek et al., 2010]. Unlike

conventional cytogenetics, these techniques rely on com-

pletely automated data analysis and generate results that

can be objectively and systematically analyzed using

computational algorithms [Price et al., 2005; Nannya

et al., 2005; Shah et al., 2006; Yamamoto et al., 2007]. A

comprehensive review of these technologies is beyond the

scope of this review, but excellent reviews on both the

technology and its application are available in the litera-

ture [Carter, 2007; Maciejewski and Mufti, 2008; Macie-

jewski et al., 2009; Brenner and Rosenberg, in press].

Genomic CNVs have long been associated with specific

chromosomal rearrangements and genomic disorders, and

CGH-A and SNP-A have recently been applied to study

human disease [McCarroll and Altshuler, 2007]. Many

recent studies have used array-based methods to detect

CN-LOH (also known as uniparental disomy) of the NF1

allele, which is strongly associated with neurofibromatosis

type I and juvenile myelomonocytic leukemia [Flotho

et al., 2007; Pasmant et al., 2009; Steinemann et al.,

2010]. CGH-A and SNP-A methods have also been

applied recently to detect somatic mutation of TP53,

JAK2 (V617F), BRCA1, and BRCA2 in both tumor and

peripheral blood in cases of hematalogic malignancy and

ovarian cancer [Gondek et al., 2007; Dunbar et al., 2008;

Walsh et al., 2008; Bea et al., 2009].

Arrayed Primer Extension

Arrayed primer extension is a genotyping and rese-

quencing technology that allows the scanning of muta-

tions over large regions of DNA and that can detect

‘‘unknown’’ mutations within a given sequence [Kurg

et al., 2000; Tonisson et al., 2002; Le Calvez et al.,

2005]. It combines the advantages of Sanger dideoxy

sequencing with the high-throughput potential of the

microarray format (Fig. 3). A DNA sample is amplified,

fragmented enzymatically, and annealed to arrayed 25-

mer oligonuclotides that cover the sequence of interest.

Each oligonucleotide hybridizes one base downstream of

the preceding one, with their 30 ends one base upstream

of the base to be identified. Once hybridized, they serve

as primers for template-dependent DNA polymerase

extension reactions by using four fluorescently labeled

dideoxynucleotides. Each base is probed with two pri-

mers, one for the sense and another for the antisense

strand. Image analysis and interpretation of fluorescence

signals at each position then provide a sequence read.

Recently, this concept has been extended to a second gen-

eration APEX device that allows multiplex (640-plex)

DNA amplification and detection of SNPs and mutations

[Krjutskov et al., 2008]. This robust genetic test has mini-

mal requirements per variant target: two primers, two

spots on the microarray, and a low-cost four-color detec-

tion system for each targeted base pair (Fig. 3).

Environmental and Molecular Mutagenesis. DOI 10.1002/em
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Fig. 3. The APEX-2 Method for a Basepair of Interest. A: The first

phase of PCR is driven by APEX-2 primers, which contain both context-

specific sequence (purple and blue) and universal sequence (red); the

specific portion of an APEX-2 primer pair bind gDNA to frame a base-

pair of interest. B: Polymerase then extends the APEX-2 primers, using

the gDNA as template, to form products that contain the nucleotide of

interest as well as a complement for the alternate APEX-2 primer in the

pair. C: As the APEX-2 primer-driven phase of PCR continues, the prod-

ucts formed in part B serve as template, and the complementary specific

portions of the APEX-2 primers once again anneal and extend via poly-

merase activity. D: Note that the reverse complement to the universal

sequence is found in the PCR products formed after this second APEX-2

primer-driven extension. E: Universal primers now bind template sequen-

ces and ensure balanced amplification for all base pairs to be genotyped.

F: The products formed by Universal primer-driven amplification. G:

APEX-2 primers with a 50-amino modification are immobilized on a

microarray to facilitate detection. H: The purified products from Univer-

sal primer amplification are hybridized to the immobilized APEX-2 pri-

mers; genotyping is then performed via four-color single-base extension

reaction and analysis of fluorescence data at each position of the array.

Technologies for Measuring DNADamage 857



APEX has been adapted for the detection of TP53

mutations in DNA isolated from plasma or from solid

tumors, with a sensitivity of 0.1–5%, depending upon the

sequence context and the nature of the mutation [Tonisson

et al., 2002; Le Calvez et al., 2005]. The method has

been applied to ovarian and breast cancer samples and

dilutions of cell human cancer cell lines and proved to be

comparable in sensitivity to DHPLC and TTGE at some

variant sites in the TP53 gene [Kringen et al., 2005; Le

Calvez et al., 2005]. These results suggest that the plat-

form is a robust, high-throughput, and comprehensive tool

for genetic analysis. However, this array platform is rela-

tively new and has only recently been commercialized; as

such, it is currently unknown whether this method will

prove robust enough for large scale studies using nondi-

seased tissues or surrogate samples.

Short-Oligonucleotide Mass Analysis and Related
Techniques

Short-oligonucleotide mass analysis (SOMA) is a tech-

nique developed by Groopman and collaborators in which

small sequences of mutated and wild-type DNA, produced

by PCR amplification and restriction digestion, are charac-

terized by HPLC-electrospray ionization tandem mass spec-

trometry (ESI-MS/MS) [Laken et al., 1998; Jackson et al.,

2001; Qian et al., 2002]. DNA is amplified using primers

that introduce restriction sites for enzymes, like BpmI,
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Fig. 4. Short oligonucleotide mass analysis (SOMA) of TP53 R249S

mutations. A: Principle of SOMA. DNA is amplified by PCR using pri-

mers that introduce a site for BpmI, a restriction enzyme that cleaves

DNA away from its recognition site. Short oligonucleotides (8-mers) are

generated by digestion, purified by HPLC and analyzed by electrospray

mass spectrometry. B: Mass spectrum of the sense strand of the wild-

type 8-mer (top spectrum) and of its breakdown products (bottom spec-

trum). Inset: expected mass of breakdown products. Presence of a spe-

cific species (framed) identifies the wild-type sequence (with G at third

position of codon 249). Figure adapted from Laken et al. [1998] and

Lleonart et al. [2005]. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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which cleave DNA several base pairs away from the

restriction enzyme-binding site. Short DNA fragments

spanning the mutation site (7–15 base pair oligomers) are

then produced by restriction digestion and separated by

HPLC before ESI-MS/MS. The first MS analysis distin-

guishes the four single-stranded oligonucleotides corre-

sponding to sense and antisense, wild-type, and mutant

DNA. The second MS analyzes oligonucleotide fragmenta-

tion products and detects mass fragments characterizing the

mutated base (Fig. 4). The use of an internal standard plas-

mid alongside test DNA allows the precise quantification

of mutant and wild-type sequences, which can be

expressed in absolute copy numbers.

This method has been applied to the detection of KRAS

and TP53 mutations in the plasma DNA and tissues of

healthy subjects and cancer patients [Szymanska et al.,

2004, 2009; Lleonart et al., 2005]. Quantification of mutant

circulating free DNA by SOMA in a case–control study on

liver cancer in The Gambia (West Africa) has shown that

TP53 gene serine 249 mutation median levels were higher

in hepatocellular carcinoma cases (2.8 3 103 copies/mL

plasma, range: 5 3 102 2 1.1 3 104) compared to median

levels in cirrhotic patients and healthy controls (5 3 102

copies/mL plasma; range, 5 3 102 2 2.6 3 103 and 5 3
102 copies/mL plasma; range, 5 3 102 2 2 3 103, respec-

tively) [Lleonart et al., 2005]. When SOMA was directly

compared to RFLP for analysis in liver-derived gDNA, it

was found that SOMA was 2.5–15 fold more sensitive for

the detection of specific mutations in TP53 [Qian et al.,

2002]. This powerful method is rapid and amenable to

scaling-up, making it one of the most powerful approaches

for mutation detection in a large series of specimens.

The use of mass spectrometry for mutation detection is

not limited to SOMA, and the recent commercialization

of the Sequenom MassArray provides another powerful

technology for identifying genetic variants. The MassAr-

ray system combines proprietary primer extension tech-

nology with matrix-assisted laser desorption/ionization-

time of flight MS analysis for flexible high-throughput

detection of somatic mutations. This platform was

recently applied to conduct high-throughput genotyping

and to test for 238 previously described oncogenic muta-

tions in 1,000 human tumor samples [Thomas et al.,

2007]. The authors of this study found robust mutation

distributions spanning 17 cancer types. Furthermore, they

found 14 of 17 oncogenes analyzed to be mutated at least

once, and that 298 of 1,000 samples carried at least one

mutation. In another recent study, the OncoCarta platform

from Sequenom was used to profile 239 colon cancers

and 39 metastatic lymph nodes [Fumagalli et al., 2010].

The authors interrogated 238 hotspot mutations in 19

genes and found mutations in seven different genes at 26

different nucleotide positions in colon cancer samples. To

validate the analytical platform, the authors conducted a

subset of the assays a second time and obtained identical

results. Furthermore, the mutation frequencies of the most

common colon cancer mutations were similar to the Cata-

log of Somatic Mutations in Cancer database. Specifically,

the frequencies were 43.5% for KRAS, 20.1% for

PIK3CA, and 12.1% for BRAF along with infrequent

mutations in NRAS, AKT1, ABL1, and MET.

EMERGINGMETHODS

Given the complexity of biological mechanisms involved

in acquired somatic mutations, there has been a push for

faster, more sensitive, and high-throughput technologies for

mutation analysis. Technology parallelization in the form

of next-generation sequencing methods combined with

powerful bioinformatics has created an explosion of

extremely high-resolution data. Large-scale genome

sequencing projects have begun to focus on comparing

tumors with normal tissue from the same individuals (Ta-

ble I). These comparative genome-sequencing studies are

currently the most informative in comprehensively reveal-

ing true acquired somatic DNA mutations in a cancer by

removing germline variation that would otherwise obscure

the relatively few acquired mutations. In a genome of 3 3
109 bases, one would expect to find �3 3 106 SNP as

well as �1 3 106 other variations based on comparison to

the reference sequence of the genome [Levy et al., 2007].
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TABLE I. Resequencing Tumors with NGS

Reference Diseased tissue Control tissue

Mardis et al. (2009) AML-M1 (bone marrow) Skin

Ding et al. (2010) Breast, brain metastasis, and tumor xenograft Peripheral blood

Ley et al. (2008) AML-M1 Skin

Ding et al. (2008) Lung adenocarcinoma (623 genes only) Normal lung or skin

Castle et al. (2010) UMC-11 adenocarcinoid-derived cell line Pooled male and female DNA

Pleasance et al. (2010b) NCI-H209 small-cell lung cancer bone

marrow metastasis cell line

NCI-BL209 lymphoblastoid cell line

(EBV transformed)

Pleasance et al. (2010a) COLO-829 malignant melanoma cell line COLO-BL829 EBV transformed

lymphoblastoid cell line

Stephens et al. (2009) Twent-four different breast cancer cell lines NCBI genome assembly

Lee et al. (2010) Lung adenocarcinoma Lung

Beck et al. (2010) Plasma circulating DNA from ductal breast carcinoma Healthy volunteer circulating DNA
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This is in stark contrast to the 8–500 acquired mutations of

potential pathological relevance identified by comparative

sequencing studies and subsequent validation [Ding et al.,

2008; Ley et al., 2008; Lee et al., 2010]. In addition to a

revolution in sequencing hardware, the software and data-

bases required to process the massive data sets and give

meaning to the raw sequence information have undergone

drastic expansion and many resources now exist for inter-

preting the role of specific mutation sites [Carter et al.,

2009; Barrett, 2010; Robison, in press]. So-called third-

generation sequencers are poised to further accelerate the

discovery of novel mutations and disease association with

their even greater throughput, lower cost, and lower sample

quantity requirements.

Although rapid genome sequencing is already greatly

increasing the amount of information available about muta-

tions in entire tumors, the fundamental biological mecha-

nisms behind carcinogenesis reside inherently at the level

of the single cell. Some of the third-generation sequencing

technologies may eventually offer single-cell resolution to

some degree, but alternative (primarily microfluidic) plat-

forms exist and may soon be extended to achieve high-

throughput analysis of cellular heterogeneity in targeted loci

at the digital level [Tewhey et al., 2009]. With standard

technologies, the underlying technical barriers to single-cell

analysis are primarily: (1) cell/DNA manipulation; (2) ana-

lytical reaction rates hindered by extremely low relative

analyte concentrations; and (3) the ability to scale analytical

throughput to the level required for statistically significant

detection of rare mutation events. Microfluidic approaches

have been demonstrated to address all points effectively

and will be instrumental for single-cell resolution studies of

carcinogenesis mechanisms stemming from acquired genetic

mutations [El-Ali et al., 2006; Sims and Allbritton, 2007;

Schmid et al., 2010]. A combination of next-generation

sequencing technology for target mutation discovery and

focused single-cell analysis of tumor heterogeneity will

likely trigger a revolutionary understanding of the role of

acquired genetic mutations in carcinogenesis.

Next-Generation Sequencing

The term ‘‘next-generation sequencing’’ has been applied

to all sequencing technologies developed to succeed auto-

mated Sanger sequencing, but it is more commonly used

for second generation methods that are currently on the

market and being applied with increasing frequency in

diverse research fields. A third generation of technologies is

in varying stages of development and application. There is

a vast diversity to next-generation technologies, but these

sequencing approaches generally use massively parallel

amplification and detection strategies. A sheared DNA sam-

ple is amplified evenly through the use of emulsions (Roche

454, Life SOLiD, Polonator G.007) and substrates (Illumina

Genome Analyzer) to segregate amplicons from each other.

The amplified DNA is then arrayed in the sequencing de-

vice to enable parallel optical detection of the fluorescence-

based sequencing process. The Helicos Biosciences system

is an exception in that it does not call for DNA amplifica-

tion and instead uses the original single fragments of sam-

ple DNA in the sequencing reaction. In all second-genera-

tion sequencing approaches, an enzyme such as polymerase

or ligase is used to replicate the separated clusters of ampli-

cons and provide nucleotide specificity. As a result of the

sequential addition of nucleotides or dinucleotides, a fluo-

rescence signal is generated and recorded at each amplicon

location. The large-scale parallelization results in billions of

sequence reads that are then computationally assembled. A

detailed technical overview of each technology is available

in several excellent reviews [Voelkerding et al., 2009;

Metzker, 2010].

In all large-scale sequencing efforts, the underlying com-

putational algorithms for base calling, assembly, and analysis

of raw sequence reads have undergone parallel innovation. A

primary goal of the algorithms is to remove polymerase and

other errors, and each sequencing platform contains software

to produce relatively clean sequence. Additional accuracy is

provided with increased sequence reads, so that a desired

level of accuracy can be reached with any sequencing tech-

nology with sufficient data [Metzker, 2010]. Notably, a vari-

ety of algorithms to detect CNVs have been developed, and

these aberrations can be assessed with reads as low as 0.33
of the genome [Alkan et al., 2009; Medvedev et al., 2009;

Robison, in press]. Once a clean sequence is produced, the

acquired mutations discovered by subtracting out the germ-

line sequence of the same individual still need to be differen-

tiated into ‘‘driver’’ and ‘‘passenger’’ mutations. Only a small

subset (�10%) of all acquired mutations are thought to be

responsible for cancer progression, and this premise is pro-

viding clues to the mechanistic origins of specific cancer

types [Carter et al., 2009; Robison, in press]. These ‘‘driver’’

mutations are parsed from the neutral ‘‘passenger’’ mutations

by various bioinformatics approaches involving algorithms

such as CHASM or the use of databases, followed by experi-

mental validation [Carter et al., 2009; Barrett, 2010; Robi-

son, in press]. However, it is possible that mutations in non-

coding stretches of the genome that have been excluded

from comparative mutation analyses play at least some role

in disease progression, and future work will likely address

this point [Calin and Croce, 2009; Garzon et al., 2009].

Although the recent sequencing technology advances

offer unprecedented ability to analyze genomes without a

priori assumptions, relatively few studies with a goal of

identifying acquired genetic mutations have been pub-

lished to date. The first full comparative genome-sequenc-

ing effort by Ley et al. [2008] of cytogenetically normal

AML subtype M1 (AML-M1) compared to skin tissue

revealed eight genes with novel mutations thought to

drive the cancer with another 500–1,000 additional muta-

tions specific to the tumor found across noncoding regions
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of the genome. With broader use of next-generation

sequencers, other tumor types have been sequenced in a

similar manner, including malignant melanoma, small-cell

lung cancer bone metastasis, lung adenocarcinoma, and a

second AML-M1 (Table I). Recently, Ding et al. [2010]

presented the resequencing results of a basal-like breast

cancer tumor, a brain metastasis, and a tumor xenograft

compared to peripheral blood indicating �50 point muta-

tion and small indel sites in genes and splice sites in all

three tumors not shared with germline sequence, 20 sites

enriched in metastasis and xenograft, and 2 de novo muta-

tions in the metastatic tumor [Ding et al., 2010]. An addi-

tional 41 large-scale genomic rearrangements or deletions

were observed as a result of the chromosomal instability

characteristic of this cancer type. The findings suggest

that a few cells from the original tumor disseminate

throughout the body with only several additional

mutations but with large CNVs of existing mutations.

The results demonstrate the power of the comparative

genome-sequencing approach in parsing the complex

mutation landscape present in carcinogenesis. Further

applications of next-generation sequencing to the study of

mutations in noncoding regions as well as correlation

with germline SNPs will drastically enhance our under-

standing of the biological mechanisms and clinical out-

comes associated with acquired genetic mutations.

Third-generation sequencing platforms are beginning to

emerge in the marketplace and will offer greater through-

put, lower cost, and, in general, will obviate the need for

sample amplification. Helicos has already demonstrated

whole genome sequencing of an individual as well as in-

depth analysis of germline mutations potentially associ-

ated with increased risk of sudden cardiac arrest, but the

platform has yet to be applied to comparative sequencing

of acquired mutations [Pushkarev et al., 2009; Ashley

et al., 2010]. Somewhat more distant technologies include

the Pacific Biosciences platform that may enable direct

epigenetic analysis of the genome in addition to the basic

sequence and scanning and nanopore systems that avoid

fluorescent chemistries altogether and will bring the cost

of comparative genome analysis within reach of most lab-

oratories [Lund and Parviz, 2009; Flusberg et al., 2010].

Digital Genetic Analysis in Emulsions andMicrofluidic
Devices

To quantitatively measure tumor heterogeneity and detect

extremely low-level variants, advanced technologies are

required that provide high-throughput, quantitative analysis at

the level of single cells or molecules. Digital PCR was first

applied to detect low concentrations of mutations in alleles

associated with colorectal cancer more than a decade ago

through limiting dilution of template in 7-lL reaction vol-

umes in 96-well plates [Vogelstein and Kinzler, 1999]. This

powerful technique facilitates the detection of a single copy

of target nucleic acid in a complex background. Digital PCR

methods now include emulsion PCR techniques, such as

BEAMing, which significantly improve the throughput, effi-

ciency, and detection sensitivity by conducting single-mole-

cule amplification in isolated nanoliter or picoliter droplets

[Dressman et al., 2003; Kojima et al., 2005; Griffiths and

Tawfik, 2006]. These methods have been implemented

recently to detect and quantify genetic variation in DNA sam-

ples [Dressman et al., 2003; Diehl et al., 2005, 2008; Li et al.,

2006] and have been applied to detect extremely rare muta-

tional variants in colorectal tumors and in circulating tumor

DNA [Diehl et al., 2005, 2008; Li et al., 2006].

BEAMing is an original method aimed at one-to-one con-

version of a population of DNA fragments into a population

of beads that can be counted [Dressman et al., 2003; Diehl

et al., 2006]. It derives its name from its principal compo-

nents: beads, emulsion, amplification, and magnetics. First,

PCR is used to amplify target DNA using primers that con-

tain a sequence tag. Second, PCR products are mixed with

oligonucleotide-labeled beads that anneal with the tag, and

this mixture is emulsified to enable the amplification of indi-

vidual PCR products on individual beads. Third, the DNA

immobilized on the beads is denatured, hybridized with pri-

mers that anneal just upstream of the mutation site, and then

a single nucleotide primer extension reaction is carried out

using four fluorescently labeled nucleotide terminators. Flow

cytometry is then used to rapidly measure the fluorescence

of individual beads. The nature of the base changes is given

by the fluorescence of the incorporated nucleotide. Counting

fluorescent beads provides a precise estimate of the number

of wild-type or mutant DNA copies and allows quantification

of mutant and wild-type frequencies even when they are

present at ratios less than 1024. BEAMing has recently been

used to quantify mutant APC in the circulating plasma DNA

of patients with colorectal cancer [Diehl et al., 2005, 2008].

In plasma from cases with advanced colorectal cancer, the

method revealed elevated levels of both total and mutant

APC relative to early stage cancer and normal individuals

(median 4.783 104 copies APC/mL plasma with 8% mutant

APC vs. �4 3 103 copies APC/mL plasma with 0.01–1.7%

mutant APC) [Diehl et al., 2005].

One drawback of the BEAMing method is that mechani-

cal agitation is used to generate highly polydisperse picoli-

ter emulsion droplets, which impose inherent limitations in

statistical quantification and PCR amplification efficiency.

The implementation of microfluidics for droplet generation

overcomes these limitations by enabling production of prac-

tically monodisperse droplets with precise control over the

droplet size, while maintaining high-throughput [Beer et al.,

2007, 2008; Kiss et al., 2008; Tewhey et al., 2009]. Such

capability not only enables uniform efficiency of enzymatic

reactions in the droplets [Beer et al., 2007], but also permits

digital quantification of the absolute number of targets pres-

ent in the initial sample through Poisson statistical analysis

[Kiss et al., 2008; Mazutis et al., 2009]. In addition, inte-
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grated microfluidic circuits allow programmable in situ

manipulation of droplets, such as droplet steering, trapping,

and fusion, leading to a much broader spectrum of applica-

tions, such as real-time droplet PCR [Beer et al., 2007].

The term ‘‘microfluidics’’ typically refers to networks of

channels with dimensions ranging from 5 to 500 lm that are

used to manipulate small volumes (1026 2 10215 L) of fluid

in a precisely controlled manner [Weibel and Whitesides,

2006]. These channels are often etched in glass and silicon

substrates, but they can also be embossed in the surface of

a polymer, such as poly(dimethylsiloxane) (PDMS). Their

small scale is exploited to control reaction volume, manip-

ulate single cells and molecules, and increase throughput

with massive parallelization. The key advantages to the use

of microfluidic technologies include minimal reagent and

sample consumption, low waste generation, rapid reaction

and analysis times, and minimal space requirements in the

laboratory [Weibel and Whitesides, 2006]. Furthermore,

microfluidic platforms generate volumes with similar length

scale to the intrinsic volumes of eukaryotic cells and organ-

elles, making them particularly well-suited for single-cell

analyses. Finally, microfluidic technology is highly amena-

ble to automation, integration, and parallelization, enabling

the development of robust bioanalytical systems with un-

precedented throughput and sensitivity. Many comprehen-

sive reviews of the large field of microfluidic devices and

their application in genetic analysis exist in the literature [El-

Ali et al., 2006; Weibel and Whitesides, 2006; Liu and

Mathies, 2009; Schmid et al., 2010].

Several recent research reports have successfully con-

ducted analysis of gDNA in microfluidic devices. In one

recent report, digital PCR amplification of chromosome 21

and GAPDH (control) was conducted in a PDMS microflui-

dic chip composed of 12 panels that each contained 765 dis-

crete reaction volumes defined by microvalves [Fan and

Quake, 2007]. The gDNA of a cell line with trisomy 21 was

then compared to the gDNA from a normal cell line, and the

authors found that the expected 1:1 ratio of positive wells

was observed following PCR for GAPDH, whereas the

expected 3:2 ratio of chromosome 21 positive wells was

observed. These authors then diluted the trisomy 211 cell

line in the wild-type control and found that they needed to

use 4,000 compartments to be 95% confident in assessing

trisomy 21 in a sample that contained 10% mutant gDNA

within a pool of normal gDNA. By continuing to increase

the number of compartments analyzed, the authors theorize

that one could achieve nearly arbitrary sensitivity by con-

tinuing to increase the scale of the assay [Fan and Quake,

2007]. Another recent report used lab-on-a-chip-level inte-

gration of thermal cycling, sample purification, and capillary

electrophoresis to enable complete Sanger sequencing from

only 1 fmol of DNA template [Blazej et al., 2006]. As many

as 556 continuous bases were sequenced with 99% accuracy,

demonstrating read lengths required for de novo sequencing

of human and other complex genomes. This achievement

opens the possibility of direct sequencing of genetic targets

following amplification from single cells.

Significant interest has been invested in microfluidic drop-

let technologies and their application in high-throughput

genetic analysis. Recent applications of microfluidics in

genetic analysis have used model systems to demonstrate

proof-of-concept that may soon be extended to clinical sam-

ples. In one study, a T-junction channel in a silicon device

was used to generate a stream of monodisperse picoliter

droplets that were isolated from both the microfluidic chan-

nel surfaces and each other by the oil carrier phase [Beer

et al., 2007]. A system of valves was used to stop the droplets

on-chip, and then the droplets were thermally cycled without

droplet motion. Using this system, 10-pL droplets, encapsu-

lating single copies of viral gDNA, showed highly efficient

RT-PCR amplification with a cycle threshold that was �18,

which is 20 cycles earlier than when the same sample was

assayed in bulk using commercial instruments [Beer et al.,

2007]. This application of an established RT-PCR assay in a

microfluidic device demonstrates the power of this technol-

ogy for isolating single-copy nucleic acids in a complex envi-

ronment and thus conducting digital PCR analyses. In

another recent study, adenovirus gDNA was quantified using

a high-throughput microfluidic chip that encapsulates PCR

reagents in millions of picoliter droplets in a continuous oil

flow [Kiss et al., 2008]. The oil stream carries the aqueous

droplets through alternating zones of temperature to achieve

thermal cycling, and inclusion of fluorescent probes in the

PCR reaction mix allows the amplification to be tracked in

individual droplets within the microfluidic channels [Kiss

et al., 2008]. Ultimately, these authors found that an adenovi-

rus-specific product could be detected and quantified in 35

min at template concentrations as low as one template mole-

cule per 167 droplets. The observed frequencies of positive

reactions over a range of template concentrations agreed

closely with the frequencies expected from Poisson statistics,

demonstrating the quantitative power of the method [Kiss

et al., 2008]. Another recent application of microfluidic tech-

nology achieved quantitative isothermal amplification of dig-

itally encapsulated plasmid via hyperbranched rolling circle

amplification of a plasmid containing the lacZ gene [Mazutis

et al., 2009]. The authors then went on to fuse the amplified

plasmid droplets with droplets containing all necessary

reagents for in vitro translation in a highly controlled and

pairwise manner and thus demonstrated that active b-galac-
tosidase was only produced from droplets containing ampli-

fied plasmid [Mazutis et al., 2009]. Although these recent

reports used model systems (plasmid or viral genomes) rather

than truly relevant targets in the human genome, they demon-

strate state-of-the-art technology that may soon be applied to

the study of rare human genetic variants.

Single-cell sensitivity and resolution is crucial to in-

depth understanding of tumor heterogeneity and detection

of rare events for the early diagnosis of diseases including

cancer. Single-cell genetic analysis (SCGA) methods have
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been reported combining bead-bound PCR methods and

flow cytometric quantification, similar to BEAMing meth-

ods, with microfluidic droplet generation to achieve highly

controlled reaction volumes and precise quantitation of

genetic targets in a high-throughput manner (Fig. 5)

[Kumaresan et al., 2008; Zeng et al., 2010]. A hybrid

microsystem used integrated, on-chip micropumps to coen-

capsulate primer-functionalized microbeads and single

cells in monodipserse, nanoliter-scale PCR reaction micro-

droplets to achieve quantitative single-cell detection of the

GAPDH gene in human lymphocytes, and the gyrB gene

in bacteria [Kumaresan et al., 2008]. The SCGA method

has been improved to detect multiple genetic targets by

multiplexing the bead-bound primers (Fig. 5). The micro-

droplet generator has been scaled up to a 96-channel

array, which is capable of producing 3.4 3 106-nL volume

PCR droplets per hour, and the multiplexed SCGA method

was then applied to achieve quantitative measurement of

single pathogenic bacteria cells in a large background of

>105 wild-type bacteria (Fig. 5) [Zeng et al., 2010]. The

results indicate the promising potential of the microfluidic

technique for high-throughput SCGA and quantitative

detection of rare mutations, such as CTCs in whole blood.

Another recent study used a 672-microwell chip to con-

duct genetic analysis of two adherent human cell lines

following on-chip culture [Lindstrom et al., 2009]. Fol-

lowing culture in 500-nL microwells, the authors lysed

the cells and conducted PCR using biotinylated and fluo-

rescently labeled primers to capture and detect amplicon

on streptavidin-coated magnetic beads. The authors then

denatured the double-stranded product, trapped the

microbeads with a magnetic field for washing, and con-

ducted a minisequencing reaction to detect the two

expected genotypes (wild-type p53 and a p53 point muta-

tion) simultaneously in the expected ratio using an array

scanner [Lindstrom et al., 2009].

Finally, it should be noted that microfluidics has also

provided promising platforms for developing low-cost,

Environmental and Molecular Mutagenesis. DOI 10.1002/em

Fig. 5. Microfluidic device and methods for single-copy DNA template

amplification. A: target DNA (or cells) and beads are mixed with the

PCR reagent (blue) at very dilute concentrations and pumped through

a microfabricated droplet generator. Monodisperse nanoliter volume

droplets of the PCR reagent are formed in carrier oil (yellow) at the T-

injector and routed into a tube for thermal cycling. The number of drop-

lets containing a single bead and a single template DNA/cell is con-

trolled by varying their concentrations in the PCR solution and by con-

trolling the droplet volume. B: Each functional PCR mix droplet contains

a bead covalently labeled with the reverse primers, dye-labeled forward

primers, and a single target copy. Subsequent steps of PCR generate

dye-labeled double-stranded product on the bead surface. Following

emulsion PCR, the droplets are broken, and the beads are analyzed by

flow cytometry to quantify the signal for each clonal amplification prod-

uct. C: Microdroplet generation array for controlled formation of nanoli-

ter PCR droplets: layout of device, showing the aqueous phase channels

(black), the oil phase channels (red), and the detail of the pumping struc-

ture. A three layer (glass-PDMS-glass) pneumatically controlled micro-

pump is integrated on-chip to deliver PCR reagent containing dilute 34-

lm beads and template. D: Optical micrograph of droplet generation at

three T-injectors in the array. Droplets are typically generated at each T-

injector at a frequency of �6 Hz, meaning that 2–3 3 106 microdroplets

can be generated each hour. E: Two-color flow cytometry data showing

the expected frequency of mutant signal in a large wild-type background

(total input of 100 total copies per droplet with mutant frequency of

1024). Figure adapted from Zeng et al. [2010].

Technologies for Measuring DNADamage 863



high-performance sequencing technologies. Examples

include pyrosequencing methods [Margulies et al., 2005;

Russom et al., 2005], digital PCR enrichment using a

droplet primer library for large-scale target sequencing

[Tewhey et al., 2009], and microscale PCR that is promis-

ing for single molecule or single-cell sequencing [Blazej

et al., 2006]. Furthermore, solid-phase emulsion PCR

technologies enable low-cost and high-throughput prepa-

ration of template DNA for new genome-sequencing tech-

niques [Margulies et al., 2005; Shendure et al., 2005].

Microfluidic droplet technologies generate uniform drop-

lets, which may improve the quality of template DNA to

improve the performance of next-generation sequencing,

such as the read length [Kumaresan et al., 2008].

CONCLUSIONS

Thanks to resequencing and genome-wide association
studies, thousands of genetic biomarkers of early effect in
carcinogenesis have been discovered. Their validation in
translation studies is currently a major focus in molecular
epidemiology, and several of these markers are now avail-
able for application in large-scale studies on human popu-
lations. However, for these genetic markers to have an
impact in early detection and treatment of cancer, highly
sensitive and specific technologies must be used to detect
rare mutations in human specimens. Despite decades of
research, some of the most sensitive methods that are cur-
rently being applied to detect acquired mutations in
human specimens are highly optimized and specifically
targeted versions of ME-PCR, AS-PCR, and nested PCR.
These methods are often applied to homogenized gDNA
from tumor, whole blood, plasma, or other routinely
available tissues. However, these types of analyses may
fail to analyze variants contributing to human disease,
because unknown variants cannot be discovered with such
targeted, though highly sensitive, techniques. Furthermore,
when homogenized gDNA is analyzed, information
regarding the co-occurrence of mutations in single cells
or clones is lost, although these data might be important
for understanding disease progression.

For these reasons, more studies using NGS and high-

throughput digital PCR are needed to further elucidate the

genetic basis of human disease. Studies that resequence the

genome of diseased tissue (e.g., tumor) and compare to the

germline sequence in the same individual (e.g., adjacent

normal tissue) are particularly powerful, as this approach

compensates for the individual’s background germline var-

iants and reveal only acquired mutations that ‘‘drove’’ dis-

ease progression or that were acquired as ‘‘passengers’’ in

the process. Furthermore, high-throughput, digital PCR

techniques are powerful methods that will soon enable sin-

gle-cell analyses within tumors and other diseased tissues.

These approaches will soon allow researchers to study the

cellular population genetics within diseased tissue and to

reveal heterogeneity that is masked in bulk analyses of ho-

mogenized gDNA. The use of digital methods will inevita-

bly reveal unprecedented levels of heterogeneity or internal

variation within an individual that is intrinsic to the com-

plexity of cancer initiation and development. Measuring,

interpreting, and mastering this ensemble complexity is an

important challenge, which will be critical for fully under-

standing cancer and for the cost-effective implementation

of molecular biomarkers and treatments.
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