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Abstract

Because cancer is caused by an accumulation of genetic mutations, mutant
DNA released by tumors can be used as a highly specific biomarker for can-
cer. Although this principle was described decades ago, the advent and falling
costs of next-generation sequencing have made the use of tumor DNA as a
biomarker increasingly practical. This review surveys the use of cellular and
cell-free DNA for the detection of cancer, with a focus on recent technolog-
ical developments and applications to solid tumors. It covers () key princi-
ples and technology enabling the highly sensitive detection of tumor DNA;
(b) assessment of tumor DNA in plasma, including for genotyping, minimal
residual disease detection, and early detection of localized cancer; (¢) de-
tection of tumor DNA in body cavity fluids, such as urine or cerebrospinal
fluid; and (d) challenges posed to the use of tumor DNA as a biomarker by
the phenomenon of benign clonal expansions.
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INTRODUCTION

DNA is released from tumors into surrounding fluids through apoptosis, necrosis, or active se-
cretion. DNA nucleases digest DNA between nucleosomal positions, resulting in fragmentation
to a length of approximately 170 base pairs (1). The concept of using tumor-specific mutations
as biomarkers for cancer was first described in 1991 through the detection of 7P53 mutations in
the urinary cells of patients with bladder cancer, with follow-up studies in 1992 describing KRAS
mutations in the stool of patients with colorectal cancer (CRC) and, in 1994, mutations in both
genes in the sputum of patients who developed lung cancer (2-4).

In 1997, fetal-specific DNA sequences were identified in maternal plasma (5). Follow-up stud-
ies demonstrated the utility of cell-free fetal DNA for the detection of chromosomal abnormali-
ties, and it is now routinely used for the noninvasive prenatal diagnosis of trisomies and determi-
nation of gender (6, 7). While some studies have demonstrated the possibility of using cell-free
fetal DNA to screen for single-gene disorders, the background noise and cost of whole-exome
or genome sequencing have made this application more challenging (8-10). Targeted testing to
assess for predefined single-gene mutations may be more technically feasible (11). A final major
application of cell-free DNA (cfDNA) is the detection of transplant rejection from the presence
of increased, graft-specific DNA sequences in the recipient bloodstream (12, 13).

This review examines the use of cfDNA as a biomarker for solid tumors, with a focus on cfDNA
in the plasma and both cellular DNA and ¢fDNA in body cavity fluids. Interest in cell-free tumor
DNA has exploded in recent years, and several excellent reviews have covered the topic in depth
(1, 14-16). This review therefore focuses on the most significant and recent developments in this
rapidly growing field, rather than attempting to exhaustively survey historic contributions. Par-
ticular attention is paid to technological and conceptual milestones in detecting cell-free tumor
DNA, the use of circulating tumor DNA (ctDNA) to detect minimal residual disease and screen
for localized cancers, analysis of tumor DNA in body cavity fluids, and challenges posed to the
field by recently described benign clonal expansions.

CONCEPTS AND TECHNOLOGY
Single-Locus Assays

Initial examinations of the diagnostic potential of tumor DNA focused on single loci and employed
PCR-based target enrichment strategies (Table 1). Mutant amplicons were detected through
oligomer-specific hybridization, mutant allele-specific PCR, or other PCR-based strategies (2,
3,17, 18). More recently, the Roche Cobas EGFR real-time quantitative PCR (qPCR) assay be-
came the first US Food and Drug Administration-approved test for tumor-specific mutations in
cfDNA. This assay detects mutations that predict the response to tyrosine-kinase inhibitors, as
well as resistance mutations (19). An advantage of PCR-based tests is their quick turnaround time
and low cost. With the exception of mutant allele-specific PCR, however, they typically have a
limit of detection above 0.5%, limiting their applicability to the assessment of advanced cancers.
A conceptual advance in the analysis of cfDNA came with the development of digital PCR in
1999 (20). A challenge in employing regular PCR-based methods for the detection of rare variants
is that mutations occurring due to polymerase errors during PCR can be difficult to distinguish
from rare variants present in the original sample. Digital PCR overcame this limitation by isolating
the original DNA molecules prior to amplification. This was initially achieved by the dilution of
DNA across a PCR plate at a concentration of 0.5 copies per well, ensuring that most wells only
had one or zero starting DNA molecules (20). In current applications of digital PCR, DNA is
typically diluted across emulsions, increasing throughput. The locus of interest is then amplified by
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Table 1 Technology and applications for cell-free and cellular DNA analysis
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Example
Genomic applications in the
Test type space Techniques Variants detected literature® References
Single-locus 1-100 bp Allele-specific qPCR Point mutations Actionable point 19-29
Digital PCR Indels mutation
UMI PCR (e.g., detection in
Safe-SeqS) advanced cancer
Multilocus >100-500 kbp | Multiplexed PCR (e.g., Point mutations Tumor genotyping 29,32-35
TAM-Seq) Indels Minimal residual
Hybrid capture (e.g., Copy number disease detection
CAPP-Seq) variants
Translocations
Genome-wide Whole genome | Shallow whole-genome Aneuploidy Early cancer 13,43-45,
sequencing (£ Fragment end detection 47-52
bisulfite conversion) profiles
Genome amplification Methylation profiles
(e.g., REALSeq)

Abbreviations: bp, base pair; CAPP-Seq, cancer personalized profiling by deep sequencing; kbp, kilobase pair; qPCR, quantitative PCR; REALSeq, repetitive
element aneuploidy sequencing; TAM-Seq, tagged-amplicon deep sequencing; UMI, unique molecular identifier.
*Only single-locus applications currently have strong evidence of clinical utility.

PCR, and the presence of mutant or wild-type DNA is detected by the use of fluorescently tagged
DNA oligomers. In a variation of digital PCR called beads, emulsion, amplification, magnetics
(BEAMing), the DNA is amplified on oligomer-coated magnetic beads, and fluorescently tagged
mutant or wild-type oligomers are detected by flow cytometry (21).

Like gPCR, digital PCR can be performed quickly and at low cost. It is therefore routinely
employed in some clinical settings for the analysis of actionable genetic variants, such as EGFR
mutations in lung cancer or KRAS mutations in CRC (22, 23). Unlike gPCR, however, digital PCR
has a very low limit of detection (0.01-0.1%) and has therefore also been used in some studies for
the early detection of resistance mutations and the detection of minimal residual disease in solid
tumors, with applications in lung and pancreatic cancers (24, 25). A disadvantage of both gPCR
and digital PCR is that the potential mutation of interest has to be known ahead of time and
specifically accounted for in the assay design.

Molecular Barcoding

Next-generation sequencing offers a way to screen for mutations in a broader target space. Loci are
firstamplified by PCR, and then the entire region within the amplicon can be sequenced, enabling
the unbiased detection of any variants within the targeted space. For high-sensitivity applications,
a unique molecular identifier (UMI) is incorporated into one of the primers in an initial round of
PCR (26). Like digital PCR, this strategy, called Safe-SeqS in its initial description, enables one to
distinguish variants arising due to polymerase errors during amplification from variants present
in the original DNA molecule. Variants present in the original molecule should be present in all
copies with the same UMI, whereas variants arising due to polymerase errors will usually only
be present in a subset of molecules with the same UMI. An exception is if a polymerase error
occurs in the first cycle of PCR, in which case it can be passed on to all copies with the same UMI,
resulting in a false positive mutation.
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This challenge can be surmounted by attaching adapters to the double-stranded DNA that
uniquely tag each molecule in the duplex, as well as the duplex itself. After adapter ligation, the
strands are amplified separately, and target enrichment is typically accomplished through hy-
bridization to oligonucleotide probes complementary to the regions of interest. Two types of error
suppression can be performed using this approach. The first compares copies of each single strand
of the original DNA duplex (i.e., it analyzes the strands individually). The second additionally re-
quires a mutation to be present on both single strands of the original DNA duplex. False positive
mutations are extremely rare with the latter approach because they would have to occur separately
at the same spot on each strand of the duplex (27). This strategy therefore offers the lowest limit
of detection of any available method, but it is limited by a low rate of recovery of both duplex
strands (28, 29). Clinical studies employing this approach, therefore, have either begun with a
massive quantity of DNA, beyond what is available from a normal blood draw, or integrated it
with a strategy relying primarily on single-strand UMIs (29, 30).

Multilocus Assays

PCR-based assays have limited multiplexability. With qPCR and digital PCR, it is difficult to as-
say for more than one mutation in a single reaction pool. When assaying for multiple mutations,
therefore, the original sample is typically split across multiple separate reaction pools, a require-
ment that may pose challenges when ¢fDNA is limited. Single-locus next-generation sequencing
strategies allow multiple targets to be assessed in the same reaction pool. Without technically
complex strategies that require massive DNA input, however, they typically cannot be used to
assess more than 1,000-2,000 base pairs of genomic space in a single reaction pool (31, 32).

Hybrid capture-based target enrichment strategies offer a way to overcome this limitation, en-
abling the enrichment and sequencing of tens of thousands to millions of base pairs in a single assay.
These strategies begin with the ligation of adapters to the original DNA molecule and have the
advantage of preserving unique fragment ends. In combination with UMIs in the adapters, these
unique fragment ends can be used to identify PCR copies originating from the same molecule
and may themselves provide additional diagnostic information, as discussed below (29, 33, 34). In
some applications, the UMIs may be coupled with identifiers that allow the original DNA duplex
to be uniquely tagged, enabling ultrasensitive duplex sequencing when both strands are recovered
29).

Hybrid capture assays that cover a large genomic space are often used in advanced cancer pa-
tients to genotype tumors from the DNA they shed into the plasma. In some instances, assays may
be designed to detect copy number variations within the genomic space as well as translocations,
indels, and single-nucleotide variants, providing a comprehensive genetic portrait of a patient’s
tumor from a noninvasive blood draw (29, 33-35).

An additional advantage of hybrid capture assays is that they may help surmount the challenge
posed by stochastic sampling error. When tracking a single locus at a low mutant allele fraction,
the probability that a fragment of mutant DNA will be absent from a single blood draw by chance
may be high due to the low concentrations of ctDNA present in most cancer patients. However,
the more loci one tracks, the higher the probability that at least a few mutant DNA molecules
will be present in a given blood draw. This strategy, called cancer personalized profiling by deep
sequencing (CAPP-Seq) in its initial implementation, enables the detection of ctDNA at levels
from about 0.1% mutant allele fraction to as low as approximately 0.0001% (1, 29, 33). This
may be especially helpful in the setting of minimal residual disease detection, as discussed below,
when mutations in a patient’s tumor are already known. In this context, the genomic space actually
analyzed from a hybrid capture panel can be limited to the specific bases that were mutated in a
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patient’s tumor, lowering the background noise of the panel. The identification of any one of those
mutations may be sufficient to diagnose residual disease (36-38).

A challenge with hybrid capture approaches is that a larger genomic space provides more op-
portunities for artifactual mutations to arise. One strategy for reducing this problem is to first
assess the pattern of stereotypic artifacts in a group of normal samples and informatically account
for that background when assessing patient samples for the presence of oncogenic mutations (29,
39, 40). An additional limitation is that hybrid capture-based workflows typically have longer
turnaround times, since the target enrichment process often takes days (instead of hours with
PCR), and are more expensive, since they involve sequencing a larger genomic space. Finally, de-
spite the advantages of overcoming stochastic sampling error, the larger genomic space provided
by hybrid capture strategies may provide diminishing additional value in some contexts (41).

Genome-Wide Assays

In the context of cancer detection, hybrid capture-based strategies typically rely on identifying
the presence of cancer from the occurrence of known oncogenic changes within the panel space.
However, a substantial fraction of tumors of any given cancer type may not harbor known onco-
genic mutations, or they may harbor a small enough number of such mutations that they may be
missed by stochastic sampling error, even with a large panel.

Genome-wide assays can potentially address this challenge. One class of assays relies on the
detection of chromosomal abnormalities, or aneuploidy. Aneuploidy is an early event in neopla-
sia, present in over 90% of tumors of any given cancer type, and highly specific for cancer (42,
43). It can be assessed either via shallow whole-genome sequencing or through PCR-based strate-
gies. One recently developed PCR-based strategy, called repetitive element aneuploidy sequencing
(REALSeq), amplifies short interspersed nuclear elements throughout the genome with a single
primer pair, enabling the identification of aneuploidy from lower DNA quantities and with less
sequencing than is possible with whole-genome approaches (44). In an initial study, REALSeq
was able to detect 71% of cases with variant allele fractions >0.5% ctDNA (44). The sensitivity
of aneuploidy analysis could potentially be improved through the preanalytic or informatic en-
richment of DNA sequences under 150 base pairs, which have been shown in multiple studies to
contain a higher tumor fraction (45-47).

An alternative genome-wide strategy focuses on unique fragment end profiles. It is thought
that ¢fDNA is released by apoptosis (among other mechanisms), a process involving the diges-
tion of DNA between nucleosomes. Since the pattern of nucleosomal packaging differs between
cancerous and normal cells, the unique fragment ends created by this digestion may be used to
identify cancer, with potentially thousands of informative fragment ends spread throughout the
genome (48). Additionally, since the pattern of nucleosomal packaging differs between different
tissue types, this strategy may also be used to provide information on the tissue of origin of iden-
tified tumors (49, 50).

A final genome-wide strategy focuses on patterns of methylation. Since genome-wide methy-
lation patterns vary between cancer and normal tissues and between different tissue types, this
strategy may also be used not only to identify the presence of cancer but also to get insight into
its tissue of origin. Methylation may be assessed through bisulfite conversion prior to sequencing
or through targeted capture of methylated base positions (13, 51, 52).

Genome-wide fragment end and methylation patterns have less preestablished specificity for
cancer than do oncogenic mutations or aneuploidy. Identifying patterns specific for cancer, there-
fore, relies on machine learning across large sample sets, a process that holds increased risk for
overfitting and batch effects, particularly in studies without independent validation cohorts. While
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preliminary studies have shown the potential of these strategies (34, 41, 49, 51), independent
follow-up studies with larger cohorts will be necessary to confirm their ability to achieve com-
parable or superior performance relative to mutation-based strategies.

Mutant Allele Enrichment

Various strategies have been developed to enrich for tumor DNA prior to the application of the
above methods, a process often referred to as mutant allele enrichment. One class of strategies
takes advantage of differential melting temperatures created by mismatches between mutant and
wild-type DNA. Coamplification at lower denaturation temperature PCR selectively amplifies
mutant molecules by exploiting the lower denaturation temperature of heteroduplexes that form
between mutant strands and wild-type DNA (53). Differential strand separation at critical tem-
perature relies on multiple rounds of hybridization to biotinylated oligonucleotide probes, with
preferential melting and amplification of mutant molecules that mismatch reference sequence
probes (54). A separate strategy involves the hybridization of short reference sequence probes to
the DNA followed by digestion with a double-stranded DNA nuclease that is unable to digest a
duplex with a mismatch (55). Another class of strategies exploits the base-pair resolution speci-
ficity of Cas9. In one study, Cas9 was used to selectively digest the wild-type allele of KRAS (56).
In another, deactivated Cas9 was used to selectively bind a mutant allele prior to assessment by
qPCR (57).

These methods have demonstrated tens-fold to hundreds-fold enrichment of tumor DNA.
However, they typically are limited to the assessment of single loci or small numbers of loci, require
additional steps that may result in a loss of mutant molecules, and can make it harder to quantify
the tumor proportion in the original sample. As a result, their application in clinical settings has
been limited.

TUMOR DNA IN PLASMA
Tumor Genotyping

Multiple studies have shown high concordance between mutations found in ctDNA and tumor
biopsies, making it possible to genotype patient tumors from a blood draw. One study examined
matched tumor biopsies and cfDNA from a series of 41 metastatic prostate and breast cancer
patients with at least 10% tumor-derived cfDNA. Using exome sequencing, the authors found
88% concordance for clonal somatic mutations and 80% concordance for copy number alter-
ations (58). These findings are comparable to those of studies using more focused panels (33, 34,
59). Concordance is typically higher for mutations that are clonal in the tumor than for those that
are subclonal (34, 60). Mutations detected in cfDNA but not present in the tumor may represent
subclonal tumor mutations not sampled in the matched tumor specimen, technical errors (as dis-
cussed above), or benign clonal proliferations (discussed below) (61). Many of the latter variants
can be eliminated through paired sequencing of white blood cells (59).

Because cancer DNA is released from tumors throughout the body, it can better capture in-
tratumor genetic heterogeneity than a single tissue biopsy. The extent of this heterogeneity at
the time of diagnosis and its clinical importance continues to be investigated. For example, in the
2017 TRACERXx study, authors sequenced 327 regions from 100 pretreatment early-stage tumors
from non—small cell lung cancer NSCLC) patients. Mutations in some driver genes (EGFR, MET,
BRAF, and TP53) were almost always clonal, but subclonal driver gene mutations with evidence
of occurrence late in tumor evolution were also observed in 75% of patients (including mutations
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in PIK3CA and NFI and copy number alterations) (62). These results contrast with the results of
a 2018 study of 76 pretreatment metastases from 20 patients with a variety of solid tumor types.
The authors found that the vast majority of driver gene mutations were shared among metastases
and that driver genes mutations that were not shared were unlikely to be functionally signifi-
cant (63). Notably, tumor samples were sequenced to a median depth of 65x in the 2018 study
(J. Reiter, personal communication) compared to 431x in the TRACERx study (62), potentially
contributing to some of the differences in observations.

One arena in which tumor genotyping from cfDNA offers an advantage is in identifying sub-
clonal mutations conferring resistance to targeted therapy. Although these may be missed by a
single tumor biopsy in patients with a high burden of disease, multiple studies have documented
their emergence over the course of targeted therapy using cfDNA assays (23,25, 64, 65). Examples
of clinical scenarios in which targeted cfDNA genotyping is often performed include documen-
tation of the emergence of oncogenic KRAS variants in CRC patients undergoing treatment with
targeted anti-EGFR antibodies such as cetuximab or of the EGFR T790M variant in NSCLC
patients undergoing treatment with anti-EGFR tyrosine kinase inhibitors (14). However, given
the potential risk of false negatives due to low ctDNA concentration, standard clinical practice
usually involves reflexing to tissue biopsies in patients with negative plasma genotyping results
(66).

In addition to detecting known resistance mutations, several studies have illustrated the poten-
tial of serial cfDNA genotyping to discover new mechanisms of resistance. An early study used se-
rial exome sequencing of ¢fDNA from six patients with advanced ovarian, breast, and lung cancers
to document the emergence of PIK3CA mutations during treatment with paclitaxel, RBI inacti-
vation during treatment with cisplatin, and MEDI inactivation during treatment with tamoxifen
and trastuzumab (67). In a more recent example, a hybrid capture panel focused on genes mu-
tated in NSCLC was used to analyze cfDNA from 43 patients over the course of treatment with
the third-generation EGFR inhibitor rociletinib. The authors identified novel EGFR variants and
MET amplification as the most common resistance mechanisms, with additional recurrent vari-
ants identified in PIK3CA, ERBB2, KRAS, and RBI (68). A similar study in patients treated with
the EGFR inhibitor osimertinib identified EGFR C797S mutations as a common mechanism of
treatment resistance to this drug (69).

Tumor Burden Assessment

In addition to documenting tumor genome evolution over the course of therapy, cfDNA also
enables assessment of tumor burden and response to therapy. Multiple studies have shown a strong
correlation between cfDNA levels and tumor burden, and some have shown that alterations in
levels of ctDNA (which has a half-life in the bloodstream of roughly 30 min to 2 h, depending
on the study) provide an earlier measure of treatment response than imaging or protein assays
(70-73).

One early study in this area compared ctDNA, cancer antigen 15-3, and circulating tumor cells
at sequential time points in 30 women with metastatic breast cancer undergoing chemotherapy.
After whole-genome sequencing of the patients’ tumors, personalized assays were designed to
monitor ctDNA levels in each patient and compared to the other biomarkers. The study found
that ctDNA levels demonstrated better correlation with tumor burden, and over a wider range.
It also detected treatment response earlier than the other biomarkers (74). Multiple additional
studies, using a variety of different methods, have shown correlation between ctDINA levels, tumor
volume as assessed by imagining, and protein biomarkers, with ctDNA outperforming alternative
methods for tracking tumor burden (33, 73).
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After attempted definitive treatment for cancer with surgery or radiation, a common question
is whether or not the patient was truly cured or if the patient has minimal residual disease. If
the patient was not cured, he or she may benefit from further systemic therapy. This question
can be difficult to answer by imaging, as inflammation or fibrosis can be hard to distinguish from
recurrent tumor. Protein biomarkers, likewise, may not be available for a particular tumor type or
may correlate poorly with patient outcome. However, ctDNA has shown significant promise in
addressing this problem.

Using a form of digital PCR called BEAMing, a 2008 study of 18 patients with CRC demon-
strated that ctDNA outperformed carcinoembryonic antigen (CEA) in predicting recurrence-free
survival following surgery. Notably, patients with undetectable ctDNA had 100% recurrence-free
survival. The authors also demonstrated correlation between ctDNA levels and patient treatment
course, with levels decreasing following surgery and roughly tracking with findings on imaging
and with CEA levels (73). A 2016 study from the same group examined serial ctDNA levels from
230 patients with stage II CRC. Using the single-locus next-generation sequencing strategy Safe-
SeqS, the authors found that the presence of ctDNA after curative-intent surgery had a hazard
ratio of 18 (75).

Similar findings have been noted in other solid tumor types. A 2015 study used personalized
digital PCR assays to detect ctDNA in patients with early-stage breast cancer following neoadju-
vant chemotherapy. The presence of ctDNA had a hazard ratio for recurrent disease of 25, with a
median lead time over clinical relapse of 7.9 months (76). A 2017 study using CAPP-Seq targeted
recurrently mutated regions in NSCLC. The authors examined ¢fDNA from 40 patients treated
with curative-intent radiation for stage I-III NSCLC. They detected ctDNA at the first posttreat-
ment time point in 94% of patients who developed recurrent disease, with a median lead time over
radiographic recurrence of 5.2 months. By using a panel covering a median of six mutations per
patient in NSCLC, this strategy avoided the need to design personalized assays for each patient.
Additionally, the authors found that their strategy of tracking multiple mutations per patient re-
sulted in an increased likelihood of detecting ctDNA, likely due to the reduced susceptibility of
this approach to stochastic sampling error (38). Additional studies have confirmed the value of
ctDNA analysis to detect minimal residual disease in NSCLC and other tumor types (24, 36, 37,
77-79).

Tumor Detection and Classification

Perhaps the most potentially impactful, but also the most challenging, application of ctDNA is for
the early detection of cancer. Every available treatment modality for cancer—surgery, radiation,
chemotherapy, immunotherapy—is more likely to lead to a cure if the tumor is detected early
(66). But using cfDNA to screen for cancer faces two challenges: The test must have very high
specificity and be able to provide information on the tumor’s tissue of origin (80, 81).
Information on a tumor’s tissue of origin is needed to effectively treat it, as almost all avail-
able treatment strategies are tailored to the tumor type. Localized tumors, in particular, are typ-
ically treated (and can often be cured) with either surgical resection or radiation. The need for
high specificity can be illustrated by considering the prevalence of cancer in different populations.
Globally, the prevalence of cancer among those between 15 and 49 years old is 0.64% (82). If one
were to test for cancer within this age group with a test that could detect every type of cancer and
had 70% sensitivity and 98% specificity, roughly four out of every five positive results would be
a false positive, a positive predictive value of about 20%. In actual practice, most tests can only
detect a subset of cancers, reducing the effective prevalence in the population tested and thereby
reducing the positive predictive value of the test. The positive predictive value of the test can be
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improved by either improving the test’s specificity or testing a higher-risk population. The global
prevalence of cancer among those aged 50-69 years old, for example, is 3.32%. Within this popu-
lation, with the above hypothetical test, roughly one out of every two people with a positive result
would have cancer, giving a positive predictive value of approximately 50% (82).

One initial example of a screening strategy using cfDNA examined Epstein-Barr virus (EBV)
DNA in the plasma as a biomarker for nasopharyngeal carcinoma, with which EBV is causally
associated. The authors applied a single-locus qPCR-based test to 20,174 middle-aged men in
Southeast Asia, a demographic with an elevated prevalence of the disease, and increased the speci-
ficity of their test by requiring a second test to confirm initial positive results. With this strategy,
the authors achieved a sensitivity of 97.1% and specificity of 98.6%. They detected nasopharyn-
geal carcinomas at an earlier stage with superior outcomes compared to a historic cohort, albeit
with a positive predictive value of only 11% (83). A follow-up study using hybrid capture and
next-generation sequencing found this positive predictive value could be improved to 19.6% by
considering the length and abundance of detected EBV molecules, even while eliminating the
requirement for a confirmatory test (84). A further study adding consideration of methylation
differences to the test increased the positive predictive value to 35.1% (85).

Other studies have examined the possibility of using multilocus cfDNA assays targeting re-
currently mutated driver genes to screen for many different solid tumor types. In one such study,
authors designed an 81-kilobase hybrid capture panel and evaluated its performance in a work-
flow called targeted error correction sequencing across 44 healthy controls and 200 patients with
early-stage colorectal, breast, lung, or ovarian cancers. They achieved sensitivities ranging from
59% to 71%. No mutations related to solid tumors were detected among the healthy controls,
although the study was limited by the absence of independent control and validation cohorts and
an inability to provide information on the tissue of origin of the tumor (34).

A separate study examined the performance of a 61-amplicon panel across localized tumors of
eight different cancer types. A key distinction of this study was the addition of protein biomarkers
in an attempt to increase sensitivity without degrading specificity as well as to potendally give
insight into the tumor’s tissue of origin. In theory, protein and ctDNA biomarkers could be com-
plementary due to different mechanisms of biomarker release, with tumor DNA released primarily
by dying cells and proteins released primarily by active secretion from living cells. Across 1,005
patients and 812 healthy controls, the authors’ workflow (called CancerSEEK) achieved a median
sensitivity of 70% with a specificity of 99%. Additionally, the test localized the tumor signal to
one of two tissue of origin types in 83% of cases (41). When considered individually, the pro-
tein component of the assay outperformed the ctDNA component (44). Across 153 cases with a
high-confidence ctDNA mutation and available tumor tissue, the authors found that the mutation
observed in plasma was also present in the paired tumor in 90% of cases (41). Limitations of this
study included the absence of an independent validation cohort, lack of matched leukocytes for
exclusion of clonal hematopoiesis variants in the majority of cases positive for ctDNA, and the use
of cases and controls not fully representative of the general population.

Other approaches have attempted to apply genome-wide strategies for cancer detection. These
include the aforementioned REALSeq approach, which, when combined with the CancerSEEK
assay, increased the latter’s sensitivity to 80% (44). Alternative genome-wide strategies for early de-
tection have focused on the unique fragment end profiles generated by digestion of DNA between
nucleosomes prior to release, as noted above. One study showed that fragment end distribution
patterns could be used to infer the cell types contributing to the pool of cfDNA (50). Another
study demonstrated stereotypic fragment ends in ¢fDNA from hepatocellular carcinoma patients
that distinguished them from patients with cirrhosis, those with hepatitis B, and healthy individu-
als. The authors demonstrated that fragment end profiles may point not only to the tissue of origin
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of ¢cfDNA but also to the presence or absence of cancer (48). A recent study further extended a
related approach to other tumor types (49). However, each of these studies lacked prospectively
collected, independent validation cohorts, and thus further work is needed to confirm key test
parameters such as sensitivity and specificity.

A variation on this concept looked at differential read depth at transcription start sites to infer
expressed genes. An initial iteration of this strategy demonstrated its ability to infer gene expres-
sion patterns within tumors from c¢fDNA, albeit only at very high mutant allele fractions (86).
A follow-up study from the same group demonstrated the ability of a similar strategy to infer
transcription factor binding across several cancers and applied the technique to detect early-stage
colorectal carcinomas, although with relatively low specificity (87).

A final genome-wide strategy assessed methylation patterns of cfDNA. An early study em-
ployed genome-wide bisulfite sequencing of plasma cfDNA and inferred the contributing tis-
sues by referencing the methylation profiles of a variety of tissue types. This study demonstrated
the ability to infer cfDNA contributions from placental tissue, hepatocellular carcinoma, and
transplanted tissue. Intriguingly, the authors were also able to use methylation patterns within
cfDNA regions demonstrating aneuploidy to infer the tissue type that contributed the aneuploid
region (13). This principle was extended by another group to infer cfDNA contributions from an
even wider range of highly specific tissue types, including pancreatic beta cells, oligodendrocytes,
neuronal and glial cells, and the exocrine pancreas (52). A more recent study employed anti-5-
methylcytidine antibodies to immunoprecipitate methylated regions, thereby enabling more fo-
cused sequencing of differentially methylated regions than is possible by genome-wide bisulfite
sequencing (51). As with the other approaches in this area, further validation studies will be re-
quired to robustly assess the potential of methylation-based approaches for early cancer detection.

TUMOR DNA IN BODY CAVITY FLUIDS

One strategy to surmount the challenges posed to using plasma c¢fDNA for early detection and
other applications is to analyze lower-volume fluids in closer proximity to the tumor of interest.
These fluids can include urine for genitourinary cancers, Pap smear fluid for gynecologic cancers,
saliva for head and neck cancers, stool for gastrointestinal cancers, cerebrospinal fluid (CSF) for
brain tumors and leptomeningeal metastases, and cyst fluid for the classification of pancreatic,
thyroid, and ovarian cancers. Such fluids typically have higher mutant allele fractions for their
associated tumors than plasma has, and many are easily accessed. Applications in each of these
fluids are discussed below (Table 2).

Urine

The first demonstration of the concept of using tumor-specific point mutations as biomarkers
for cancer detected 7P53 mutations in the cell pellet of patients with bladder cancer, using PCR
followed by oligomer-specific hybridization (2). More than two decades later, the same group
employed Safe-SeqS to demonstrate the ability of TERT promoter mutations in urinary cell pellets
to serve as a biomarker for bladder cancer (88). Since the TERT promoter is mutated in 60-70% of
bladder cancers at one of two hotspots that can be assessed in a single amplicon, itis one of the most
valuable biomarkers for bladder cancer (60). A more recent study by the same group developed
a multilocus, PCR-based panel (UroSEEK) including the TERT promoter region, regions from
ten other genes (CDKN2A, ERBB2, FGFR3, HRAS, KRAS, MET, MLL, PIK3CA, TP53,and VHL),
and a PCR-based test for aneuploidy. In a cohort of 570 patients undergoing diagnostic evaluation
for bladder cancer, the test achieved a sensitivity of 83% (95% when combined with cytology) and
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Table 2 Tumor detection from body cavity fluids

Anatomic system® Fluids Cancers References
Genitourinary Urine Urothelial 2,60, 88-96, 98,
Prostate 103, 104
Renal
Systemic
Gynecologic Pap smear Ovarian 30,107-110
Uterine lavage Endometrial
Ovarian cyst
Gastrointestinal Pancreatic cyst Pancreatic 111-118
Ductal brushings Bile duct
Stool Colorectal
Head and neck Saliva Squamous cell 119-124
Thyroid cyst Thyroid
Central nervous Cerebrospinal fluid Brain 126-137
system . Leptomeningeal
metastases

*Images adapted from Servier Medical Art (CC BY 3.0 Unported).

a specificity of 93%. In a cohort of 322 patients undergoing surveillance following surgery, the
test achieved a sensitivity of 68% (71% when combined with cytology) and a specificity of 80%
(89).

While the above studies evaluated DNA extracted from the cell pellet, other recent studies
have analyzed cfDNA in the supernatant. An advantage of this approach is that it does not compete
with cytology for diagnostic material, as the supernatant of urine cytology specimens is discarded
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as part of the clinical workflow. One recent study adapted the hybrid capture-based CAPP-Seq
workflow to address the unique challenges posed by urinary ¢fDNA, including the extraction of
cfDNA from large volumes of fluid and heterogeneous fragment lengths. The resulting proto-
col, called urine tumor DNA CAPP-Seq or uCAPP-Seq, was applied to urinary cfDNA from 67
healthy adults and 118 patients with early-stage, mostly nonmuscle invasive bladder cancer who
were undergoing either diagnostic evaluation or surveillance for recurrent disease. Employing a
311-kilobase hybrid capture panel targeting recurrently mutated regions in bladder cancer, the
study found PLEKHSI promoter mutations in 46% of cases and demonstrated their utility as a
biomarker. It achieved approximately 84% sensitivity in both diagnostic and surveillance con-
texts while maintaining cytology’s high specificity. Notably, the test found cell-free tumor DNA
in the supernatant of every cancer case that cytology detected and in 82% of cases that cytology
missed (60). An alternative strategy to analyzing urinary cfDNA for the detection of bladder can-
cer employed shallow-depth whole-genome sequencing on bisulfite converted DNA, analyzing
both methylation and copy number aberrations. The authors evaluated urine from 46 bladder
cancer patients and 39 controls with hematuria, achieving 93.5% sensitivity (84.2% for low-grade
nonmuscle invasive disease) and 95.8% specificity (90).

Aside from practical considerations, whether cell pellets or cfDNA provides a better sample
for detecting bladder cancer is unclear. Some studies have found higher mutant allele fractions
in the urinary supernatant of bladder cancer patients while others have not found a significant
difference between the compartments (91-93). However, either compartment provides a superior
sample to that provided by plasma for the detection of bladder cancer (91). Preliminary studies
have demonstrated that urinary DNA can also be used for the detection of prostate and kidney
cancers, although whether it can achieve diagnostic performance similar to that for bladder cancer
or provides a better substrate than plasma does for these tumor types remains unclear (92, 94).

One intriguing application of urinary ¢fDNA is for the detection of nongenitourinary tumors.
Several studies have provided evidence that some circulating DNA from the bloodstream is ex-
creted in the urine. This includes fetal DNA in pregnant women and tumor DNA in patients with
cancer (95-100). Although it is often assumed that this occurs through glomerular filtration, mi-
crohematuria or extravasation and diffusion directly into the bladder cavity have not been ruled out
as excretion mechanisms (101). An initial study suggested that this DNA, called transrenal DNA
in some studies, was the same size as cfDNA in the plasma, but follow-up studies have shown that
this DNA is in fact very short (102). One study of fetal DNA in maternal urine found peak DNA
sizes ranging from 29 to 45 base pairs by next-generation sequencing, a finding congruent with
other studies (95, 103). Aside from avoiding a venous blood draw, the main theoretical advantage
of using urine for the detection of nongenitourinary cancers is the ability to obtain a much larger
quantity of ¢cfDNA. One study found a median of 3.6 ng of ¢fDNA per mL of urine in healthy
controls, comparable to cfDNA concentrations in the plasma of healthy subjects (60). Whereas
2-20 mL of plasma is typically obtainable for cfDNA studies, however, several hundred milliliters
of urine can be obtained in a single collection (60). The increased quantity of DNA available could
enable much deeper sequencing, potentially leading to the detection of earlier-stage tumors.

The fact that more c¢fDNA is obtainable from urine, however, does not necessarily mean that
more mutant molecules are present. If the mutant DNA from nongenitourinary tumors is far
more dilute in urine than in plasma, the theoretical advantage of having more starting cfDNA
could be nullified. One study using a next-generation sequencing—based assay for KRAS hotspot
mutations found that advanced cancer patients with biopsy-confirmed KR4S mutations had more
than an order of magnitude fewer mutant molecules in a median of 60 mL of urine than in 1.5—
4 mL of plasma collected at the same time (104). These findings are congruent with the results of
a separate study of NSCLC patients that found the mutant allele fraction of the EGFR T790M
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mutation (as assessed by BEAMing) was roughly an order of magnitude lower in the urine than
in paired plasma samples (96). Although some studies have shown that biopsy-proven mutations
are occasionally detected in urine that were not found in paired plasma samples, this could be
explained by stochastic sampling error (98). These findings cast doubt on the value of analyzing
urinary cfDNA over plasma for the detection of mutations in nongenitourinary tumors.

Gynecologic Fluids

Pap smears are one of the best illustrations of the promise of reducing cancer mortality through
early detection. Populations screened by Pap smears have seen a 75% decrease in mortality from
cervical cancer since the test was introduced (105). The value of molecular testing in Pap smears
is also well established, such that testing for the human papillomavirus (HPV) is now integrated
into the standard of care for cervical cancer screening (106).

Building on the observation by cytopathologists that endometrial and ovarian cancer cells are
occasionally seen in Pap smears, one group investigated whether molecular testing of Pap smears
could be used to improve the detection of these tumor types. In a proof-of-concept study, the
authors designed a multilocus Safe-SeqS PCR panel targeting the most commonly mutated genes
in these tumor types and applied it to 24 endometrial and 22 ovarian tumor specimens, finding
mutations in every tumor specimen. They then searched for those mutations in paired Pap smear
fluid, finding at least one mutation from the associated tumor in all 24 of the endometrial can-
cer cases and 9 of the 22 ovarian cancer cases (107). In a follow-up study, the authors employed
the same technology with an 18-gene panel and a PCR-based assay for aneuploidy to screen for
endometrial and ovarian cancers, without prior knowledge of tumor mutation status. Across 382
endometrial and 245 ovarian cancer patients, the authors achieved sensitivities of 81% and 33 %,
respectively, with a specificity (across 714 women without cancer) of 98.6%. They also found that
sensitivity for both cancers increased by about 10% by intrauterine sampling with a Tao brush
and that the sensitivity for ovarian cancer increased to 63% when Pap smear and plasma testing
were combined (108).

Other studies have extended the concept to detect gynecologic cancers from other fluids. In one
study, authors sequenced DNA from uterine lavage fluid, finding mutations in 18 of 30 patients
with ovarian cancer and 5 of 5 patients with endometrial cancer. However, mutations were also de-
tected with this approach in 8 of 27 patients with benign gynecologic lesions, potentially reflecting
benign clonal expansions (discussed below). Notably, TP53 mutations were only found in cancer,
whereas 6 of the 8 positive benign cases had a KRAS mutation. This finding suggests that in cer-
tain contexts, some mutations may have a higher specificity for cancer than others (109). Another
study sequenced tumor DNA from ovarian cyst fluid, examining 10 nonneoplastic, 12 benign, 31
invasive-cancer, and 24 borderline cysts. Using a multilocus PCR-based panel, the authors found
tumor-associated mutations in 87% of the latter two cyst types (which require surgical removal)
but no mutations in the former two cyst types (which do not require surgery). Notably, the type
of mutation present shed light on the nature of the cyst, with borderline tumors harboring only
KRAS or BRAF mutations but type II cancers (typically, high-grade ovarian serous carcinomas)
harboring almost exclusively 7P53 mutations (110).

A final study used the ultrasensitive duplex sequencing method to analyze DNA extracted from
peritoneal fluid of 17 women with high-grade ovarian serous carcinoma and 20 women without
cancer. Although the authors detected 7P53 mutations in 16 of the 17 women with cancer, they
also detected TP53 mutations (most at much lower median mutant allele fractions) in nearly all
of the control patients. They were able to create a threshold that would achieve 82% sensitivity
and 90% specificity across this group, but their results demonstrate a background rate of 7P53
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mutation in normal tissues that may set a lower limit on the gains that can be achieved in diagnostic
performance with more sensitive mutation-based assays (30).

Gastrointestinal Fluids

As with ovarian cysts, analyzing pancreatic cyst fluid tumor DNA can provide information on the
cyst subtype. There are four main types of neoplastic cysts of the pancreas: intraductal papillary
mucinous neoplasms (IPMNs), mucinous cystic neoplasms (MCN), solid pseudopapillary neo-
plasms (SPNs), and serous cystadenomas (SCAs). Accurately subtyping these cysts from biopsy
material can spare patients surgery, as SCAs and low- and intermediate-grade IPMNs can be fol-
lowed, whereas high-grade IPMNs, SPNs, and MCNs require surgical excision to prevent the
development of invasive carcinoma. Several studies have shown that the presence of mutations in
certain genes can provide insight into the type of cyst present. Mutations in KRAS, GNAS, and
RNF43, for example, are very common in IPMNs but rarely present in SCAs or SPNs, which
almost always have mutations affecting VHL and CTNNBI, respectively. MCNs may have muta-
tions in KRAS but typically lack GNAS variants. This information can be combined with cytology,
radiographic imaging, and analysis of protein levels (e.g., CEA, vascular endothelial growth fac-
tor A) for added diagnostic performance (111-114). One study showed that using an algorithm
incorporating these features would have resulted in patient management superior to that of a
standard-of-care diagnostic workup and would have prevented unnecessary surgery in 50% of
patients in the study (111). In addition to its value in subtyping pancreatic cysts, the finding of
mutant DNA in brushing specimens from strictures of the bile or pancreatic ducts may indicate
that the stricture is caused by a neoplastic process (as opposed to inflammation) (115).

Other studies have examined the use of stool for the detection of CRC. One study analyzed
stool from 25 patients with CRC using BEAMing. In 23 of 25 cases, the authors found mutations
present in stool that matched a mutation present in the patient’s tumor specimen. By contrast,
tumor mutations were detected in paired plasma in only 50% of cases (116). Another study exam-
ined KRAS mutation status and the methylation of four genes in stool, integrating the information
with stool hemoglobin results. The sensitivity of the test was directly proportional to tumor size,
identifying 54% of patients with adenomas greater than or equal to 1 cm and 85% patients with
CRC, with 90% specificity (117). A follow-up study demonstrated that the test significantly out-
performed a commercially available test based on plasma cfDNA SEPT9 methylation status (118).

Head and Neck Fluids

Testing of thyroid cyst fluid has shown promise for assessing cysts with indeterminate cytology fol-
lowing fine-needle aspiration. ThyroSeq is the name of an influential multilocus next-generation
sequencing assay used to reduce surgery in patients with indeterminate cytological findings (119).
It tests for mutations in genes commonly involved in thyroid cancer and provides information
on the presence or absence of cancer and, if positive, the type of cancer present. The BRAF
V600E variant or the RET-PTC translocation, for example, is indicative of papillary carcinoma,
whereas mutations in PTEN or rearrangements of PAX8-PPARy are found in follicular carci-
noma (120). In its most recent iteration, ThyroSeq has a negative predictive of value of 97%
(121).

Other studies have looked at the use of tumor DNA in saliva as a biomarker for head and neck
squamous cell carcinoma. An early study using PCR followed by hybridization with radiolabeled
oligonucleotides found TP53 mutations in the saliva of 5 of 7 patients with head and neck squa-
mous cell carcinoma prior to surgery (122). After the discovery of the causal role of HPV in this
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cancer type, other studies examined the use of HPV in the saliva, plasma, or both as a biomarker.
Two independent studies found that testing both saliva and plasma for HPV (and other genetic
biomarkers as well in one study) resulted in increased sensitivity over testing either fluid alone.
One of the studies found that oral cavity tumors are most readily detected from saliva, whereas
tumors arising in the oropharynx, hypopharynx, or larynx are more easily detected from plasma.
Both studies also found that the presence of tumor DNA in saliva posttreatment predicted recur-
rent disease (123, 124).

Multiple studies have also examined the use of mutant KRAS DNA, TP53 DNA, or both in
sputum for the diagnosis of lung cancer. Although an initial study found mutations in one or
both genes in 8 of 10 patients who went on to develop lung cancer (4), follow-up studies have
demonstrated lower sensitivities (13-46%) (125).

Cerebrospinal Fluid

Proximal fluid sampling can be especially valuable when DNA is used to assess lesions arising in
the brain. Such tumors are among the most difficult to detect in plasma, presumably due to the
blood-brain barrier (64, 126). Several studies have documented the ability to detect tumor DNA
from primary brain tumors and leptomeningeal metastases in CSF, with sensitivities ranging from
38% to 92% for primary brain tumors and 63 % to 100% for metastatic disease (126-137). Meth-
ods used include digital PCR, Safe-SeqS, hybrid capture-based multilocus panels, and shallow
whole-genome sequencing. In the case of metastatic disease, two studies have compared the sen-
sitivity of testing the cellular pellet versus the supernatant for cancer, with both achieving higher
sensitivity in the supernatant (134, 136). CSF sampling can enable the detection of clinically in-
formative genetic mutations in tumors that cannot otherwise be detected without a potentially
morbid craniotomy procedure to directly sample tissue. These include mutations that provide
diagnostic and prognostic information, such as codeletion of chromosome arms 1p/19q (charac-
teristic of oligodendroglioma), isocitrate dehydrogenase (IHD) mutation status (with mutations
conferring a superior outcome), and TERT promoter mutations status (with mutations conferring
an inferior outcome) (138). In the case of leptomeningeal disease, CSF sampling may provide in-
sight into the development of resistance mutations to targeted therapy, such as EGFR variants in
NSCLC or PIK3CA variants in breast cancer (136). Finally, such sampling may shed light on the
nature of abnormal findings on imaging that could reflect neoplastic or inflammatory processes,
with mutant DNA supporting the presence of neoplasia.

BENIGN CLONAL EXPANSIONS

The use of mutant DNA as a biomarker for cancer is based on the premise that because oncogenic
mutations cause cancer rather than merely being associated with it, they should have exquisite
specificity. This premise has recently been challenged by the discovery of oncogenic mutations in
a variety of benign processes and normal tissues (139, 140) (Table 3).

Most notably, several studies have documented oncogenic mutations in the white blood
cells of otherwise healthy individuals that increase in prevalence with age. This phenomenon
is termed clonal hematopoiesis of indeterminate potential (CHIP) (141, 142). The mutations
described predominate in genes associated with hematopoietic neoplasms, such as DNMT3A,
TET2, and ASXLI, although they are also found in 7P53. Initial studies based on low-depth,
whole-exome sequencing data estimated the prevalence of CHIP to be roughly 3% among those
aged 50-59 years old, 5% among those aged 60-69, and 10% among those aged 70-79 (142). A
recent study using more targeted sequencing and UMIs for highly sensitive mutation detection,
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Table 3 Benign clonal expansions

Tissue type®

Mutated genes

References

White blood cells

DNTM3A4

141-143

TET2
ASXL1
TP53

Uterine cavity

KRAS
PIK3CA
ARIDI1A

109, 144, 145

Esophagus

NOTCHI
TP53

147, 148, 150

Skin

NOTCHI
NOTCH?2
TP53

146, 150

Bronchial epithelium

NOTCHI 149
TP53
ARID2?

*Tmages adapted from Servier Medical Art (CC BY 3.0 Unported).
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however, found mutations associated with CHIP in 95% of individuals aged 50-60 years old
(143). CHIP is typically accounted for in blood-based liquid biopsy applications through paired
sequencing of white blood cells. Mutations found in the white blood cells but not present (or
present at a much lower variant allele fraction) in the plasma are likely due to CHIP (59). Other
strategies for addressing CHIP for solid tumor applications include discounting mutations in
genes associated primarily with hematopoietic neoplasms and using genome-wide biomarkers
that may be less commonly present in CHIP (aneuploidy) or have unique patterns that can be
distinguished from those associated with CHIP (fragment end and methylation profiles) (34, 44,
49).

Although CHIP presents the biggest challenge across liquid biopsy applications, benign clonal
expansions in nonhematopoietic tissues may pose problems for the analysis of certain body cavity
fluids. Two independent studies of uterine lavage fluid, for example, revealed oncogenic mutations
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in 8 of 27 and 51 of 95 of subjects without cancer, including mutations in KRAS, PIK3CA, and
PTEN (109, 144). In the latter study, these mutations were significantly associated with increased
patient age and postmenopausal status (144). Although the etiology of these mutations remains
unclear, one study provides clues. The authors demonstrated the presence of driver mutations in
deeply infiltrating endometriotic lesions. Across 39 lesions in 27 patients, the authors found driver
gene mutations (including in ARID1A, PIK3CA, KRAS, and PP2R1A4) in 10 lesions. All mutations
were present in the epithelial component of the lesions but not the stromal component (145). It
is conceivable that some of these mutations arose in normal endometrial epithelium and enabled
it to acquire the cancer-like properties of deeply infiltrating endometriosis.

In fact, several recent studies have demonstrated a prevalent landscape of driver mutations in
apparently normal tissues. One study sequenced 74 cancer genes in millimeter-scale biopsies from
the normal-appearing eyelids of four individuals, finding mutations with evidence of positive selec-
tion in 18-32% of skin cells. These included mutations in driver genes associated with squamous
cell carcinoma, including NOTCH1, NOTCH?2, and TP53 (146). Two other studies demonstrated a
similar pattern in histologically normal esophageal epithelium, with a patchwork of clonal expan-
sions carrying driver mutations in genes such as NOTCH]I and TP53. These clonal expansions were
associated with smoking, alcohol consumption, and age, covering nearly the entire esophageal mu-
cosa in the elderly (147, 148). A final study demonstrated the presence of driver mutations in single
cells grown as colonies from human bronchial epithelium, revealing recurrent mutations in driver
genes NOTCHI, TP53, and ARID?2. These mutations increased with age and were more prevalent
in smokers than in ex-smokers and those who never smoked (149). While these studies illustrate
microscopic clonal expansions or mutations in single cells, a recent study documented the pres-
ence of macroscopic expansions with clonal driver gene mutations across multiple normal tissue
types. The authors evaluated 6,700 samples across 29 normal tissues and found the highest mu-
tation burdens in sun-exposed skin, esophagus, and lung, reflecting the higher exposure of these
tissue types to external mutagens (150).

These clonal expansions may reflect the earliest stage of cancer initiation. Due to their small
size, they are unlikely to cause false positive results with most plasma-based tumor DNA assays.
However, they may complicate tumor-detection strategies based on sequencing DNA from body
cavity fluids or brushings specimens.

CONCLUSION

Despite the caveats introduced by benign clonal expansions, the studies surveyed in this review
demonstrate that analysis of tumor DNA in plasma and body cavity fluids remains a very promising
strategy to genotype, monitor, and detect cancer. Most of the studies surveyed here, however, are
proof-of-concept studies. At present, there are few clinical scenarios in which ¢fDNA analysis has
demonstrated clinical utility, and these are primarily in advanced cancers (14). The challenge for
the field is to translate the promise of initial studies across a variety of applications into clinically
validated assays with concrete evidence of improving patient care.
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