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Genotyping tumor tissue in search of somatic genetic alterations for actionable information has 
become routine practice in clinical oncology. Although these sequence alterations are highly 
informative, sampling tumor tissue has significant inherent limitations; tumor tissue is a single 
snapshot in time, is subject to selection bias resulting from tumor heterogeneity, and can be 
difficult to obtain. Cell-free fragments of DNA are shed into the bloodstream by cells undergoing 
apoptosis or necrosis, and the load of circulating cell-free DNA (cfDNA) correlates with tumor 
staging and prognosis. Moreover, recent advances in the sensitivity and accuracy of DNA analysis 
have allowed for genotyping of cfDNA for somatic genomic alterations found in tumors. The ability 
to detect and quantify tumor mutations has proven effective in tracking tumor dynamics in real 
time as well as serving as a liquid biopsy that can be used for a variety of clinical and investigational 
applications not previously possible. 

J Clin Oncol 32:579-586. © 2074 by American Society of Clinical Oncology 

INTRODUCTION 

Fragmented DNA is found in circulation in the cell-
free component ofwhole blood. Initially reported by 
Mandel and Metais1 in 1948, the clinical utility of 
circulating cell-free DNA (cfDNA) in the serum and 
plasma has been an area of active research in many 
disciplines of medicine. Evaluation of fetal DNA 
in the circulation of expecting mothers has seen 
the most success.2"4 Investigation of fetal DNA 
can now uncover germline fetal changes weeks 
after conception, including point mutation and 
aneuploidy, and is likely to become part of the 
standard of care in prenatal assessment in high-
risk patients.5,6 

Investigation of cfDNA has included other clini­
cal scenarios such as exercise, end-stage renal failure, 
stroke, myocardial infarction, surgery, and trauma.7"20 

These studies have demonstrated that circulating 
cfDNA exists at steady-state levels and increases, some­
times dramatically, with cellular injury or necrosis.17 

In oncology, detection of cfDNA derived from 
tumors, also known as circulating tumor DNA 
(ctDNA), has been challenging for three primary rea­
sons, which include: discrimination of ctDNA from 
normal cfDNA; presence of sometimes extremely low 
levels of ctDNA; and the accurate quantification of the 
number of mutant fragments in a sample. 

Discriminating ctDNA from normal cfDNA is 
aided by the fact that tumor DNA is defined by the 
presence of mutations. These somatic mutations, 
commonly single base-pair substitutions, are pres­

ent only in the genomes of cancer cells or precancer­
ous cells and are not present in the DNA of normal 
cells of the same individual. This juxtaposition as­
sures ctDNA exquisite biologic specificity as a 
biomarker. Accordingly, all DNA sequencing meth­
odologies that identify somatic variants could be 
used easily to identify ctDNA if tumor DNA frag­
ments were abundant in the circulation of patients 
with cancer. Unfortunately, detection of cfDNA de­
rived from tumors carries substantial challenges, 
largely because ctDNA often represents a small frac­
tion (< 1.0%) of total cfDNA.17,21,22 Therefore, 
standard sequencing approaches like Sanger se­
quencing or pyrosequencing can only detect tumor-
derived mutant fragments in patients with heavy 
tumor burden and high levels of ctDNA. 

Investigation of cfDNA in patients with cancer 
has recently increased, largely because of digital 
genomic technologies that allow for enumeration of 
rare mutant variants in complex mixtures of DNA. 
Before the introduction of techniques like digital 
polymerase chain reaction (PCR),23 beads, emul­
sion, amplification, and magnetics (BEAMing),24 

or pyrophosphorolysis-activated polymerization 
(PAP),25 detection of cfDNA derived from tumors 
was inconsistently detected,26"29 with several reports 
suggesting that ctDNA measurement was inferior to 
that of other biomarkers, such as circulating tumor 
cells30"32 (Fig 1). In advanced tumors, digital 
genomic approaches have high sensitivity, with the 
mutation identified in the tumor tissue matching 
the mutation in the ctDNA fraction in virtually every 

© 2014 by American Society of Clinical Oncology 579 
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Technique Sensitivity Optimal Application 

Sanger sequencing >10% Tumor tissue 

Pyrosequencing 10% Tumor tissue 

Next-generation seqeuncing 2% Tumor tissue 

Quantative PCR 1% Tumor tissue 

ARMS 0.10% Tumor tissue 

BEAMing, PAP, Digital PCR, TAM-Seq 0.01% or lower ctDNA, rare variants in tumor tissue 

Fig 1 . Methodologies for detecting cir­
culating tumor DNA (ctDNA). Sanger 
sequencing (dideoxy-terminator sequenc­
ing),33 amplification refractory mutation 
system (ARMS),34-35 pyrosequencing,36 

pyrophosphorolysis-activated polymerization 
(PAP),26 tagged-amplicon deep sequencing 
(TAM-Seq),37 digital polymerase chain reac­
tion (PCR),23 and beads, emulsion, amplifica­
tion, and magnetics (BEAMing).38 

Recently PCR-based digital approaches have been up- that apoptosis likely produces the majority of cfDNA m circula-
rcecenuy, ro 5 YY , rc, 6>17'21-55 The native release of cfDNA into the bloodstream from techniaues that use next-generation sequencing (NGS) to tion. I he passive release or CIUIN/A 

cast. 1VCCV.H.J 5 CI x A 

dated with techniques that use next-generation sequencing (NGS) to 
identify rare mutant variants in complex mixtures of DNA (Table 
j 3̂7,40-42 ^hese techniques have expanded the ability to detect a single 
point mutation, and now multiple genes of interest can be investigated 
in one sample. Amplifications, rearrangements, and aneuploidy may 
now be detectable as well17'41'43 45 (Fig 1). 

The ability to detect and enumerate ctDNA creates a wide array of 
practical clinical applications that are not possible with routine se­
quencing of tumor tissue or with other circulating biomarkers (Table 
1). This review will highlight some of these applications, in addition to 
the biology of ctDNA, and discuss promising future applications to 
solve unmet clinical needs. 

apoptotic or necrotic cells is dependent on the location, size, and 
vascularity of the tumor, perhaps accounting for the variability in 
cfDNA levels often observed. 

Salient to this review, it is evident that a proportion of fragmented 
DNA in circulation is derived directly from the tumor. Multiple meth­
ods have shown that the fraction of circulating DNA contributed from 
the tumor varies greatly, between 0.01% and more than 90%. As 

MECHANISMS OF TUMOR D NA SHEDDING 

In general, patients with cancer have much higher levels of normal 
circulating cfDNA than healthy individuals.46"34 As the tumor in­
creases in volume, so too does the cellular turnover and hence the 
number of apoptotic and necrotic cells.55,56 Under normal physiologic 
circumstances, apoptotic and necrotic remains are cleared by infiltrat­
ing phagocytes. This does not happen efficiently within the tumoral 
mass, leading to the accumulation of cellular debris and its inevitable 
release into the circulation (Fig 2). 

When the length of cfDNA strands are measured, they often 
assume the classic ladder pattern in integer multiples of 180 base 
pairs,57 characteristic of the apoptotic process.55'58,59 In fact, most 
cfDNA fragments measure between 180 and 200 base pairs, suggesting 

Table 1. Applications of Liquid Biopsy 

Application 

Early detection 
Assessment of molecular heterogeneity of overall disease 

Monitoring of tumor dynamics 
Identification of genetic determinants for targeted therapy 

Evaluation of early treatment response 

Monitoring of minimal residual disease 
Assessment of evolution of resistance in real time 

Fig 2. Genetic alterations detectable in circulating cell-free tumor DNA. Tumor 
cells release small fragments of cell-free DNA into circulation by multiple 
mechanisms. Cancer-associated genetic alterations such as point mutations, 
copy number variations, chromosomal rearrangements, and methylation patterns 
can be detected in circulating cell-free DNA. 
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discussed later in this review, the amount of ctDNA is related to the 
tumor burden and is therefore expected to vary significantly among 
individuals with different clinical histories.17'43 

TISSUE VERSUS LIQUID BIOPSY 

Many of the major recent advances in targeted therapies have relied on 
the acquisition of tumor tissue via biopsy before initiation of therapy 
or after the onset of resistance. The availability of tissue for molecular 
analysis has been instrumental in understanding the primary mecha­
nism of action of agents such as trastuzumab, imatinib, cetuximab, 
and vemurafenib. Likewise, access to tumor tissue after clinical resis­
tance has helped to define mechanisms of secondary resistance to 
these targeted agents, often in the very pathway or gene involved in 
their responsiveness.60 

Although tumor tissue is the gold standard for clinical and 
investigational sequencing, major barriers exist in terms of acqui­
sition and utility. Biopsies are an inconvenience from a scheduling 
perspective; they also increase the cost of patient care and are yet 
another uncomfortable, invasive procedure for patients that often 
do not influence outcome. Finally, and most importantly, biopsies 
are not without clinical complications. A review of the investigative 
biopsies at MD Anderson Cancer Center reported adverse event 
rates of 17.1% and 1.6% for thoracic biopsies and abdominal/ 
pelvic sampling, respectively.61 

In addition to the issues related to tissue acquisition, sample 
preservation and tumor heterogeneity also hamper the use of tumor 
tissue for cancer sequencing.22 Most tumor tissue is preserved in 
formalin-fixed paraffin-embedded (FFPE) blocks, which crosslink 
DNA and in some cases can result in FFPE samples being inadequate 
for molecular analysis. Although this has improved for individual gene 
mutations and targeted gene sets, there are still limitations for whole 
genome and exome analyses. Furthermore, the quantity of tumor cells 
in each biopsy varies and is largely dependent on the tumor cellularity 
(percent tumor) and size of the specimen acquired. This is further 
compounded by small tissue amounts from fine-needle aspirates or 
core-needle biopsies, which often result in smaller amounts of tumor 
tissue for molecular analysis in comparison with surgically re­
sected specimens. 

Arguably, the major limitation of tissue biopsy is heterogeneity, 
which characterizes most advanced cancers.62,63 Cancers are hetero­
geneous, with different areas of the same tumor showing different 
genetic profiles (ie, intratumoral heterogeneity); likewise, heterogene­
ity exists between metastases within the same patient (ie, intermeta-
static heterogeneity). A b iopsy or tissue section from one part of a 
solitary tumor will miss the molecular intratumoral as well as inter-
metastatic heterogeneity. 

To overcome the limitations of tissue biopsies, less invasive tech­
niques capable of capturing tumor heterogeneity and the molecular 
changes cancer cells undergo when they are exposed to therapy are 
needed.44'64'65 Circulating tumor DNA can in principle provide the 
same genetic information as a tissue biopsy necessary to interrogate 
key companion diagnostics. Accessing the bloodstream has clear ad­
vantages. For one, it is a source of fresh DNA, unhampered by preser­
vatives. Sampling the blood from a needle stick is minimally invasive 
and avoids the dangers of biopsies. Furthermore, blood can be drawn 
at any time during the course of therapy and allow for dynamic 

monitoring of molecular changes in the tumor rather than relying on 
a static time point. 

What information can be derived from ctDNA? Circulating tu­
mor DNA fragments contain genetic defects identical to those of the 
tumors themselves; these DNA alterations span the types of genomic 
alterations identified in the tumor and include point mutations 
(.EGFR and KRAS), rearrangements (EML4-ALK), amplifications 
(.HER2 and MET), and even aneuploidy (Fig 2). Moreover, investigat-
ing plasma from patients can account for molecular heterogeneity, 
because ctDNA fragments are collected from all tumors in a pa­
tient's body through circulation (Fig 2).44'65 Accordingly, exami­
nation of ctDNA for genetic alterations present in the tumor tissue 
is, in reality, a liquid biopsy. Although current evidence suggests 
that ctDNA likely represents a molecular proxy of the overall 
disease, it remains to be formally proven that multiple metastatic 
lesions located in different organs shed ctDNA homogeneously. 

Although much of the current data for ctDNA are investiga­
tional, the sensitivity of these liquid biopsies for patients with stage IV 
disease seems to be approaching 100%.17'21'39 Despite the promising 
results in advanced disease, the sensitivity of measuring ctDNA is 
reliant on biologic and technical factors. The abundance of tumor cells 
represented by tumor stage or overall tumor burden can dictate sen­
sitivity. Lower-stage tumors and even advanced cases involving low-
level micrometastatic disease have lower numbers of ctDNA 
fragments.21 Technically, sensitivity is limited by the error rate of DNA 
polymerase, which is generally considered to be 0.01%.38 Therefore, if 
the fraction of ctDNA in a sample is at or below 0.01 %, it is considered 
negative for ctDNA.17,38 Newer approaches aimed at increasing over­
all sensitivity using barcoding strategies in the context of NGS are 
being investigated.40 This will be important because false-negative 
results, especially when ctDNA results are used for therapeutic deci­
sion making or in detecting occult disease, could be detrimental. The 
absolute sensitivity for ctDNA analysis in a variety of clinical scenarios 
will have to be evaluated to best understand the limitations and advan­
tages of this new technology. 

MONITORING TUMOR B URDEN 

Liquid biopsies may also be useful in monitoring tumor burden, a 
central aspect in the management of patients with cancer that is typi­
cally assessed with imaging. Circulating biomarkers have played an 
increasingly important role in assessing disease burden, especially in 
circumstances where imaging delivers indeterminate results. PSA, 
cancer antigen (CA) 19-9, carcinoembryonic antigen, and CA-125 are 
examples of protein biomarkers that aid in assessment of therapeutic 
response. Unfortunately, many malignancies do not have a reliable pro­
tein biomarker, and even in those diseases with useful biomarkers, these 
markers often lack specificity and may be elevated as a result of clinical 
situations not related to tumor growth or progression. Furthermore, most 
protein biomarkers persist in circulation for weeks, thereby only allowing 
accurate assessment over weeks to months.37'66458 

There are clear advantages to measuring ctDNA as a marker of 
tumor dynamics over conventional protein biomarkers or even imag­
ing studies. For one, ctDNA has a comparatively short half-life (ap­
proximately 2 hours), allowing for evaluation of tumor changes in 
hours rather than weeks to months.17 Changes in ctDNA can predate 
those seen in imaging studies or using protein biomarkers by weeks to 
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months.17,43 Furthermore, ctDNA is exquisitely specific for an indi­
vidual's tumor, because by definition somatic cancer mutations are 
identified by their presence in tumor DNA and absence in matched 
normal DNA. This bypasses the issues related to confusing false-
positive results often encountered with other circulating biomarkers 
and imaging studies. 

Several investigational studies have shown that ctDNA can be 
a surrogate for tumor burden and that much like viral load changes 
(eg, HIV viral load), levels of ctDNA correspond with clinical 
course. Studies in melanoma, ovarian, breast, and colon cancers 
have solidified the potential utility of this approach to more pre­
cisely define tumor dynamics during therapy for patients with 
advanced disease.17,28'37'43,69 There are rapid increases in ctDNA 
levels with disease progression and corresponding declines in levels 
after successful treatment with pharmacologic therapy or resec-

17,28,37,43 tive surgery. 
Two potential processes have been described for performing 

ctDNA analysis. The first requires identifying a specific mutation or 
mutations in the tumor tissue to target and quantify the level of ctDNA 
at a particular time point.17 The alternative approach is scanning 
regions of DNA extracted from plasma or serum for mutations of 
interest in a blinded manner because the tumor tissue was not initially 
assessed.37,40,43 In both cases, the genotype is identified, and the mu­
tation is quantified and represented in a number of mutant fragments 
per mL or as a mutant fraction (%) in an individual sample. 

Clinical applications for this technology include monitoring tu­
mor response to therapy and potentially defining ambiguous clinical 
scenarios like stable disease or mixed responses.37 Furthermore, 
changes in ctDNA may predict for treatment response early in the 
course of therapy, which may allow for real-time modification of the 
treatment regimen, rather than waiting weeks or months to monitor 
response to therapy. This question is currently under investigation. All 
of these potential indications will have to be evaluated in the context of 
clinical trials also testing the benefit of novel therapeutic agents. 

MINIMAL R ESIDUAL D ISEASE 

Another potential application of ctDNA is the detection of minimal 
residual disease after surgery or therapy with curative intent. In these 
scenarios, as is the case in breast or colon cancer, resective surgery 
alone cures a large fraction of patients with localized disease. However, 
we have no effective means presently to identify which patients are 
cured and which have residual disease that will result in disease recur­
rence. Furthermore, those groups of patients with high-risk clinical 
and pathologic criteria are indiscriminately treated with adju­
vant chemotherapy despite the fact that a large portion are cured 
and do not need such potentially toxic therapy. 

Currently, predicting which patients are disease free after surgery 
(ie, cured) and those who have residual disease depends largely on 
clinical and pathologic parameters. The most important criterion has 
been the TNM staging system. This system stratifies patients by risk for 
recurrence and possible benefit from adjuvant chemotherapy. Re­
cently, novel molecular features such as gene expression profiles have 
been used to improve the predictive power of the TNM staging sys­
tem.70 Assessed in the resected tumor specimen, these markers are 
biologic surrogates for phenotypes such as tumor age and aggressive 

biology. However, they do not address whether residual tumor is 
present after surgical resection. 

Circulating tumor DNA is a potential marker of residual disease 
after resection and may determine which patients will experience 
recurrence. Optimally, ctDNA should be measured after surgery but 
before initiation of adjuvant therapy (in general, 6 to 8 weeks after 
surgery) to best facilitate therapeutic decision making. 

The best example to date has been in a cohort of patients with 
colorectal cancer undergoing resection with curative intent. A mu­
tation profile was determined from each patient's resected tumor, and 
this personal and unique molecular signature was then used to create 
a set of mutation-specific probes for each patient. These probes were 
used to detect and quantify ctDNA after surgery in these patients 
undergoing potentially curative resection, and the patients were sub­
sequently observed over the course of 2 to 5 years. In this study, ctDNA 
was shown to be sufficiently sensitive to detect minimal residual dis­
ease after surgical resection.17 All patients with detectable postopera­
tive levels of ctDNA experienced recurrence, whereas all patients with 
undetectable postoperative levels of ctDNA remained disease free. 
Similar studies have been performed blindly, examining KRAS muta­
tions in patients with resected colorectal cancer, and shown a strong 
correlation between postoperative detection of mutant DNA in circu­
lation and recurrence.58 

Future studies evaluating postoperative levels of ctDNA could 
offer personalized markers based on the unique mutational pro­
files of resected tumors and thus having exquisitely high specificity. 
Sensitivity will rely on the ability to detect low levels of ctDNA 
released from micrometastatic deposits not detectable by imaging 
or other diagnostic modalities. Applications of such an approach 
have the potential to affect a broad array of tumors treated with 
curative intent. 

MONITORING O F M OLECULAR R ESISTANCE 
AND H ETEROGENEITY 

The emergence of clinical resistance to a previously effective antineo­
plastic therapy results from the acquisition of molecular alterations in 
genes or pathways that govern the mechanisms of action of the newly 
ineffective therapy. Defining these mechanisms of resistance to a tar­
geted agent is often done using preclinical models (cell lines or xeno­
grafts in mice), because it is generally more difficult to identify and 
confirm these findings in clinical samples. In principle, every patient 
enrolled onto a therapeutic clinical trial should undergo a tissue bi­
opsy before initiation of the experimental therapy and after progres­
sion. Molecular tools, such as NGS, can be implemented to find 
genetic differences between the tissue collected before and after ther­
apy. This will offer a snapshot of the predominant resistant clone of a 
portion of the lesion under examination. 

Recent studies have shown that liquid biopsies can be used effec­
tively to monitor the emergence of multiple resistance clones during 
the course of treatment (Fig 3). The genetic bases of secondary resis­
tance to various targeted drugs have been elucidated in great de­
tail.71,72 The most extensive analyses are those involving patients with 
Philadelphia chromosome-positive chronic myeloid leukemia treated 
with the tyrosine kinase inhibitor imatinib. Emergence of ABL kinase 
domain mutations have been extensively implicated in the pathogen­
esis of acquired resistance to imatinib.73 
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Initiation of targeted therapy (EGFR) Relapse 

NRAS 

KRAS 

MET 

Selective pressure 

^,APC (founder mutation) 

Fig 3. Detection of tumor-specific DNA 
mutations in the blood of patients to mon­
itor response and relapse with targeted 
therapies. This schematic depicts a repre­
sentation of a patient with metastatic 
colorectal cancer. At the time of presen­
tation, DNA from the primary tumor is 
used to identify the baseline mutation 
profile; in this case, the tumor is found to 
be APC mutant and KRAS wild type (WT). 
At baseline, evaluation of the patient's 
plasma DNA only identifies KRAS WT 
fragments. This patient is treated with an 
anti-epidermal growth factor receptor 
(EGFR) monoclonal antibody, experiences 
a clinical response, and has a correspond­
ing decrease in APC mutation level, fur­
ther indicating a decrease in tumor 
burden. Continuous monitoring of plasma 
DNA shows the emergence of KRAS and 
NRAS mutations and/or MET amplifica­
tion, indicative of the emergence of multi­
ple different resistance clones. Clinical 
resistance becomes manifest at a later time 
point. Test tubes represent samples of 
plasma from which circulating free DNA is 
extracted and used to monitor the presence 
of cancer-specific aberrations. 

More recently, the mechanisms of acquired resistance to anti-
epidermal growth factor receptor (EGFR) therapies have been defined 
in lung and colorectal cancers. Acquired resistance to gefitinb or 
erlotinib in approximately 50% of patients with lung cancer develops 
through the emergence of EGFR T790M variants.44'71 The mutation at 
residue 790 increases the affinity of EGFR for ATP and so out-
competes binding of the inhibitors. These results were initially 
obtained in examining biopsies from patients who relapsed during 
anti-EGFR therapy and were later confirmed through analyses of 
plasma, providing the first example that resistance to targeted thera­
pies of solid tumors can be detected noninvasively in the blood of 
patients.74 Analogously, secondary resistance to the EGFR-blocking 
monoclonal antibodies cetuximab and panitumumab is associated 
with the emergence of KRAS mutations or MET amplification (Fig 
3).60'65 Detection of KRAS variants in cfDNA of patients receiving 
anti-EGFR therapies can identify relapse months before radiologic 
examination (Fig 3). In this case, the discovery of the mechanisms of 
resistance to the targeted agent was simultaneously accomplished in 
tissue and liquid biopsies.60'65 Another noteworthy aspect of these 
studies was the emergence of multiple different resistance mutations 
in the same patient. 

These studies were based on candidate gene analyses and re­
quired prior knowledge of the mechanisms of resistance. Considering 
the accessibility of plasma from patients undergoing therapy, it is likely 
that future studies tracking the emergence of resistant clones will be 
unbiased. For example, an unbiased approach has been applied to 

study the acquisition of secondary resistance and to monitor clonal 
evolution in the blood of patients. In a comprehensive study by Mur-
taza et al44 it was shown that genetic markers of resistance can be 
noninvasively tracked throughout the course of treatment in breast, 
ovarian, and lung cancers. 

Analysis of ctDNA in plasma samples obtained before and 
after treatment can ultimately provide a global picture of the mo­
lecular genetics of a patient's tumor. This genetic picture in­
cludes the dynamic changes in the mutation profile that occur 
during therapy as well as the heterogeneity that emerges as a result 
of this therapeutic selective pressure. This understanding of the 
mechanisms of acquired resistance to targeted agents at the molec­
ular level can be used to plan combinatorial treatments with drugs 
that will suppress the expansion of the clones that are responsible 
for most of the current failures of medical treatment (Fig 3). This 
knowledge could result in the early adoption of alternate therapies 
before clinical resistance is detected. 

Changes in the DNA sequence (eg, somatic point mutations or 
deletions) are the most frequent class of variants associated with 
the development of solid tumors and span common oncogenic 
events, such as KRAS, PIK3CA, EGFR, and BRAF mutations.63 In 
addition to point mutations, there are several other alterations in 

www.jco.org © 2014 by American Society of Clinical Oncology 583 

NeoGenomics 
Exhibit 1092     Page 13



Diaz and Bardelli 

nucleic acids present in cancer cells, including amplifications, re­
arrangements, methylated DNA, mutant mitochondrial DNA, and 
aneuploidy.63'75"79 Many have been successfully detected in circu­
lation in patients with cancer, and these studies are further de­
scribed in our article (Fig 2). 

CHROMOSOMAL ALTERATIONS: AMPLIFICATIONS, 
REARRANGEMENTS, A ND A NEUPLOIDY 

In addition to using somatic point mutations as markers for the 
detection of tumor DNA, strategies to detect tumor-derived rear­
rangements and chromosomal copy number changes (ie, amplifi­
cations) in the plasma of patients with cancer have been developed 
(Fig 2) 41'45'79-81 Two novel methods to quantitate levels of tumor 
DNA in circulation include personalized analysis of rearranged 
ends (PARE) and digital karyotyping.41'45,82 PARE is an approach 
to identifying DNA rearrangements in human tumors and using 
these alterations for development of tumor biomarkers. Digital 
karyotyping is a genome-wide method for detection of copy^num-
ber alterations associated with such chromosomal changes. Ini­
tial analyses have demonstrated that the sensitivity of this approach 
(ie, ability to detect tumor DNA in a mixture of tumor and normal 
DNA) is lower than 0.001%. Furthermore, this approach can be 
modified to detect amplifications across the genome based 
on the fact that amplified segments of genomic DNA result in 
chromosomal rearrangements.41'45 Therefore, when whole-genome 
sequencing of plasma DNA is performed, paired-end sequence data 
may reveal aberrantly mapped paired-end reads. The breakpoints of 
these regions are mapped to genes of interest. Tag counts in the 
aberrantly mapped regions and pooled normal plasma from healthy 
individuals are then compared to determine copy number vanations 
in amplified regions. 

Approaches like PARE and digital karyotyping using NGS 
allow for detection of tumor-specific rearrangements, amplifica­
tion, and aneuploidy in circulation. If initially identified in tumor 
tissue, these alterations can be tracked in the blood much like point 
mutations, and levels in ctDNA correspond with tumor burden. 
Furthermore, these approaches can be used in a blind fashion as 
liquid biopsies to detect tumor-derived rearrangements and am­
plifications for genotyping purposes. For example, HER2lneu 
(ERBB2) amplifications or ALK rearrangements could be detected 
using blood samples without the need to examine tumor tissue 
for these purposes.45 Although the cost of such approaches is 
high at this time, as the price of NGS decreases, these types of 
analyses will become more readily available for investigative and 
clinical purposes. 

EPIGENETIC CHANGES 

Several reports have demonstrated that methylation changes present 
in the tumor genome are also present in the DNA fragments detected 
in circulation. Techniques such as methyl-BEAMing, methylation-
specific PCR, and quantum dot-based fluorescence resonance energy 
transfer (QD-FRET) have been adapted to detect methylated frag­

ments of DNA extracted from plasma./8'844i6 Much like measuring 
mutations in ctDNA, methylated DNA fragments from the tumor 
found in circulation are similar to the degree of methylation in the 
tumor itself and may also correspond to tumor burden. The overall 
specificity of measuring methylated DNA is lower as compared with 
genomic alterations, potentially because of the fact that there are often 
overlapping methylation changes in the tumor and surrounding nor­
mal tissue.78 Furthermore, methylation is not entirely a tumor-
specific process; the epigenetic regulation present in the tumor maybe 
active in other nontumor tissue, and often changes increase in fre­
quency in an age-dependent fashion. Accordingly, it is imperative to 
select the appropriate candidate genes if DNA methylation is to be 
used as a circulating biomarker. Even with these differences compared 
with mutations, methylation changes in ctDNA can be useful markers 
of dynamic changes in tumor burden and nonmvasively identify 
methylation changes that predominate in the tumor. Interestingly, 
despite the lower specificity, the sensitivity of methylated ctDNA is 
higher even for early-stage disease, because DNA methylation is often 
an early event in carcinogenesis. This characteristic of DNA meth) 1-
ation in cancer may speak to its potential use as a screening tool foi 
early detection of malignancy.78 

DISCUSSION 

The analysis of circulating tumor DNA is a promising area of 
investigation that allows for interrogation of tumor-specific mo­
lecular alterations in the circulation. One of the key advantages of 
ctDNA analyses is the high degree of specificity offered, because 
mutations found in cfDNA are in essence integral agents of an 
individual's cancer and are defined by their presence in tumor 
DNA and absence in matched normal DNA. In terms of sensitivity, 
levels of ctDNA are abundant in most patients with advanced 
cancer, allowing for the assessment of molecular heterogeneity, 
monitoring of tumor dynamics, identification of genetic determi­
nants for therapy, tracking of genomic evolution, and development 
of acquired resistance. However, more research is needed to 
establish if these applications will be feasible in tumor types 
beyond those already studied. In scenarios where only low levels 
of ctDNA are present (eg, early-stage disease and minimal re­
sidual disease), novel genomic methodologies, based on digital 
PCR, have made such applications possible. New approaches 
using NGS have increased the throughput necessary for detec­
tion of chromosomal abnormalities in ctDNA and will open up 
the possibility of screening for ctDNA as a tool for the early detec­
tion of cancer. 
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