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Abstract

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.

INTRODUCTION

Fragmented DNA is found in circulation in the cell-free component of whole 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 
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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 clinical 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, sometimes 

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 reasons, 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 present only in the genomes of cancer cells or precancerous cells and are 

not present in the DNA of normal cells of the same individual. This juxtaposition assures 

ctDNA exquisite biologic specificity as a biomarker. Accordingly, all DNA sequencing 

methodologies that identify somatic variants could be used easily to identify ctDNA if tumor 

DNA fragments were abundant in the circulation of patients with cancer. Unfortunately, 

detection of cfDNA derived from tumors carries substantial challenges, largely because 

ctDNA often represents a small fraction (< 1.0%) of total cfDNA.17,21,22 Therefore, standard 

sequencing approaches like Sanger sequencing 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, emulsion, 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 case.17,21,39 Recently, PCR-based digital approaches have been updated with 

techniques that use next-generation sequencing (NGS) to identify rare mutant variants in 

complex mixtures of DNA (Table 1).37,40–42 These 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 sequencing of tumor tissue or with other 

circulating biomarkers (Table 1). This review will highlight some of these applications, in 
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addition to the biology of ctDNA, and discuss promising future applications to solve unmet 

clinical needs.

MECHANISMS OF TUMOR DNA SHEDDING

In general, patients with cancer have much higher levels of normal circulating cfDNA than 

healthy individuals.46–54 As the tumor increases 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 infiltrating 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 that apoptosis likely produces the majority of cfDNA in circulation.6,17,21,55 The 

passive release of cfDNA into the bloodstream from 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 methods have shown that the fraction of 

circulating DNA contributed from the tumor varies greatly, between 0.01% and more than 

90%.17 As 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 mechanism of action of agents such as trastuzumab, imatinib, cetuximab, and 

vemurafenib. Likewise, access to tumor tissue after clinical resistance 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 acquisition 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 
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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 resected specimens.

Arguably, the major limitation of tissue biopsy is heterogeneity, which characterizes most 

advanced cancers.62,63 Cancers are heterogeneous, with different areas of the same tumor 

showing different genetic profiles (ie, intratumoral heterogeneity); likewise, heterogeneity 

exists between metastases within the same patient (ie, intermetastatic heterogeneity). A 

biopsy or tissue section from one part of a solitary tumor will miss the molecular 

intratumoral as well as intermetastatic heterogeneity.

To overcome the limitations of tissue biopsies, less invasive techniques 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 advantages. For one, it is a source of fresh DNA, 

unhampered by preservatives. 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 tumor 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 andMET), and even 

aneuploidy (Fig 2). Moreover, investigating plasma from patients can account for molecular 

heterogeneity, because ctDNA fragments are collected from all tumors in a patient’s body 

through circulation (Fig 2).44,65 Accordingly, examination 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 investigational, 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 sensitivity. 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 
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or below 0.01%, it is considered negative for ctDNA.17,38 Newer approaches aimed at 

increasing overall 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 decision 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 advantages of this new 

technology.

MONITORING TUMOR BURDEN

Liquid biopsies may also be useful in monitoring tumor burden, a central aspect in the 

management of patients with cancer that is typically 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 protein 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.37,66–68

There are clear advantages to measuring ctDNA as a marker of tumor dynamics over 

conventional protein biomarkers or even imaging studies. For one, ctDNA has a 

comparatively short half-life (approximately 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 months.17,43 Furthermore, 

ctDNA is exquisitely specific for an individual’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 precisely 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 resective surgery.17,28,37,43

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 
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genotype is identified, and the mutation 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 tumor 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 RESIDUAL DISEASE

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 recurrence. Furthermore, those groups 

of patients with high-risk clinical and pathologic criteria are indiscriminately treated with 

adjuvant 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. Recently, novel molecular 

features such as gene expression profiles have been used to improve the predictive power of 

the TNM staging system.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.17 A mutation 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 subsequently observed over the course of 2 to 5 years. In this study, ctDNA 

was shown to be sufficiently sensitive to detect minimal residual disease after surgical 

resection.17 All patients with detectable postoperative 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 mutations in 
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patients with resected colorectal cancer, and shown a strong correlation between 

postoperative detection of mutant DNA in circulation and recurrence.58

Future studies evaluating postoperative levels of ctDNA could offer personalized markers 

based on the unique mutational profiles 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 OF MOLECULAR RESISTANCE AND HETEROGENEITY

The emergence of clinical resistance to a previously effective antineoplastic 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 targeted agent is often done using preclinical models (cell lines or xenografts 

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 biopsy before initiation of the experimental therapy and after progression. 

Molecular tools, such as NGS, can be implemented to find genetic differences between the 

tissue collected before and after therapy. 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 effectively to monitor the 

emergence of multiple resistance clones during the course of treatment (Fig 3). The genetic 

bases of secondary resistance to various targeted drugs have been elucidated in great 

detail.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 pathogenesis of acquired resistance to imatinib.73

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 T790Mvariants.44,71 The mutation at residue 790 

increases the affinity of EGFR for ATP and so outcompetes 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 therapies 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 
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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 required 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 Murtaza et al,44 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 molecular genetics of a patient’s tumor. This genetic picture 

includes 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 molecular 

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.

NOVEL ADAPTATIONS

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 nucleic acids present in cancer cells, 

including amplifications, rearrangements, methylated DNA, mutant mitochondrial DNA, and 

aneuploidy.63,75–79 Many have been successfully detected in circulation in patients with 

cancer, and these studies are further described in our article (Fig 2).

CHROMOSOMAL ALTERATIONS: AMPLIFICATIONS, REARRANGEMENTS, 

AND ANEUPLOIDY

In addition to using somatic point mutations as markers for the detection of tumor DNA, 

strategies to detect tumor-derived rearrangements and chromosomal copy number changes 

(ie, amplifications) 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 number alterations associated with such chromosomal changes.83 Initial 

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 
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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 variations in 

amplified regions.

Approaches like PARE and digital karyotyping using NGS allow for detection of tumor-

specific rearrangements, amplification, 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 

amplifications for genotyping purposes. For example, HER2/neu (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 fragments of DNA 

extracted from plasma.78,84–86 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 

normal tissue.78 Furthermore, methylation is not entirely a tumor-specific process; the 

epigenetic regulation present in the tumor may be active in other nontumor tissue, and often 

changes increase in frequency 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 noninvasively 

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 methylation in cancer may speak to its potential use as a screening tool for 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 molecular alterations in the circulation. One of the key 

advantages of ctDNA analyses is the high degree of specificity offered, because mutations 
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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 determinants 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 residual disease), novel genomic 

methodologies, based on digital PCR, have made such applications possible. New 

approaches using NGS have increased the throughput necessary for detection of 

chromosomal abnormalities in ctDNA and will open up the possibility of screening for 

ctDNA as a tool for the early detection of cancer.
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Fig 1. 
Methodologies for detecting circulating tumor DNA (ctDNA). Sanger sequencing (dideoxy-

terminator sequencing),33 amplification refractory mutation system (ARMS),34,35 

pyrosequencing,36 pyrophosphorolysis-activated polymerization (PAP),25 tagged-amplicon 

deep sequencing (TAM-Seq),37 digital polymerase chain reaction (PCR),23 and beads, 

emulsion, amplification, and magnetics (BEAMing).38
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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.

Diaz and Bardelli Page 16

J Clin Oncol. Author manuscript; available in PMC 2016 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 3. 
Detection of tumor-specific DNA mutations in the blood of patients to monitor response and 

relapse with targeted therapies. This schematic depicts a representation of a patient with 

metastatic colorectal cancer. At the time of presentation, 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 

corresponding decrease in APC mutation level, further indicating a decrease in tumor 

burden. Continuous monitoring of plasma DNA shows the emergence of KRAS and NRAS 
mutations and/or MET amplification, indicative of the emergence of multiple different 
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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.
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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
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