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Abstract
Esophageal cancer (EC) is a common cancer and is histopathologically classified
into esophageal squamous cell carcinoma and esophageal adenocarcinoma. EC
is a worldwide public health issue because of late diagnosis and lack of effec-
tive therapy. In contrast to standard tumor biopsies, liquid biopsies are emerg-
ing as a tool which is minimally invasive that can complement or even substi-
tute more classical approaches. Specifically, cell-free DNA (cfDNA) has shown
promise in cancer-related clinical applications. Indeed, cfDNA has been shown
to be an effective circulating biomarker for non-invasive cancer diagnosis and
monitoring of cancer patients. Although the clinical application of cfDNA has
been reported on other cancers, few studies have evaluated its use in EC. Here,
we review this relevant literature and discuss limitations and advantages of its
application in the diagnosis and monitoring of EC.

Abbreviations: EC, Esophageal cancer; ESCC, esophageal squamous
cell carcinoma; EAC, esophageal adenocarcinoma; cfDNA, circulating
cell-free DNA; ctDNA, circulating tumor DNA; TNM, tumor, node and
metastasis; CRT, chemoradiotherapy; NSCLC, non-small cell lung
cancer; PRISMA, preferred reporting items for systematic reviews and
meta-analyses; MeSH, medical subject headings; VAFs, variant allele
frequencies; PCR, polymerase chain reaction; NGS, next-generation
sequencing; ddPCR, digital droplet polymerase chain reaction; WGS,
whole genome sequencing; SALP, single strand adaptor library
preparation; TP53, tumor protein 53; FAT3, fat atypical cadherin 3;
MLL3, mixed lineage leukemia 3; AJUBA, ajuba LIM protein; TGPS,
targeted gene panel sequencing; WES, whole exome sequencing; 5hmC,
5-hydroxylmethylcytosine; 5mC, 5-methylcytosine; SiMSen-seq, simple,
multiplexed, PCR-based barcoding of DNA for sensitive mutation
detection using sequencing; MB, molecular barcodes; WBC, white blood
cells; CT, computed tomography; PET-CT, Positron emission
tomography-computed tomography; AUC, area under curve; CpG,
cytosine adjacent to guanine; LINE-1, long interspersed nuclear
element; GEA, gastric and esophageal adenocarcinomas; ARID1A,
AT-rich interaction domain 1A; ERBB4, erb-B2 receptor tyrosine kinase
4; NR, not reported
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1 BACKGROUND

Esophageal cancer (EC) is a common and highly aggres-
sive malignancy that causes over 400,000 deaths annu-
ally. EC is classified into two major histopathological sub-
types: esophageal squamous cell carcinoma (ESCC) and
esophageal adenocarcinoma (EAC). Although both sub-
types lead to poor outcomes (5-year survival rate of about
15%), they have different cell of origin, epidemiology, and
tumor molecular biology [1]. ESCC is the predominant
subtype that derives from the squamous epithelial cells in
the esophagus. In contrast, EAC originates from glandu-
lar cells present in the gastro-esophageal junction and has
been linked to gastric acid reflux at the lower esophagus
[2]. Their epidemiological characteristics are also different.
Around 79% of global ESCC cases are found in Southeast
and Central Asia, and it is also present in Southeast Africa
and SouthAmerica [3]. In contrast, EAC is amajor subtype
in North and West Europe, North America and Oceania,
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accounting for about 46% of global cases [4]. ESCC inci-
dence is declining inmost parts of the world, whereas EAC
incidence has risen sharply in developed countries over the
past four decades [5].
The precise mechanisms underlying the pathogenesis

of EC are still unclear, although both environmental and
genetic factors are suspected to be involved. Tobacco and
alcohol consumption are major environmental risk fac-
tors, and environmental and dietary factors have been
used to explain geographical differences in mode, inci-
dence, and sex ratios [6–7]. EC management depends on
patient and tumor characteristics, especially the tumor-
node-metastasis (TNM) stage. At early stages, tumors
may be suitable for endoscopic resection, whereas locally
advanced EC is treatedwith surgical resection, chemother-
apy, chemoradiotherapy (CRT), or a combination of them.
Patients with unresectable EC are treated with systemic
chemotherapy [8].
In 1948, Mandel and Metais [9] discovered the pres-

ence of circulating cell-free DNA (cfDNA) in human blood
samples. Thirty years later, it was realized that cfDNA
in blood samples from cancer patient was more abun-
dant than in those from healthy individuals [10]. The idea
that tumor-derived cfDNA, known as circulating tumor
DNA (ctDNA), is present in the circulation came from the
observation that cfDNA derived from cancer patients har-
bored tumor-specific genetic alterations [11, 12]. In patients
with bladder, colorectal, and non-small cell lung cancers
(NSCLC), both cfDNA and ctDNA was detected in stool
and several types of fluids, such as recent urine [13], saliva
[14], cerebrospinal [15] and pleural fluids [16]. The exact
origin andmolecular releasingmechanismof cfDNA is still
poorly understood. In both normal and malignant cells,
cfDNA is thought to derive from apoptosis and necrosis
[16] or linked to secretion of exosomes [17–19].
It is possible that the mechanism for DNA condensation

and release into blood, and perhaps cell origin itself, deter-
mines cfDNA fragment size [20]. Indeed, the source and
mechanism of production of cfDNA could mark it with
specific signatures, potentially providing valuable infor-
mation about cell type, gene expression, or response to
therapy [21–23].
Typically, cfDNA is observed as double-stranded frag-

ments approximately 150-200 base pairs (bp) long, as
expected for nucleosome-associated DNA [24]. Crucially,
the fraction of cfDNA which is released from primary
tumors or metastases, referred to as ctDNA, harbors
genetic alterations that can be potentially used as diagnos-
tic, prognostic, and predictive biomarkers [11, 12]. Thus,
cfDNA analysis may be used to assess the genetic profile of
a tumor from a simple blood draw, without the need for an
invasive biopsy. However, although the feasibility of using
cfDNA to detect resistance mutations in treated cancer

patients has been reported [25], whether cfDNA-based and
tissue biopsy-derived mutational profiles are equivalent
remains debatable [26].
Although studies on cfDNAanalysis in the context of EC

are still scarce, the present review summarizes both fea-
sibility and potential use of a molecular biomarker in EC
clinical practice.

2 LITERATURE ACQUISITION

This review was conducted following the guidelines in
the Preferred Reporting Items for Systematic Reviews and
Meta-analyses (PRISMA). Pubmed, Medline, and Embase
databases were searched until March 2020, and EC med-
ical subject heading (MeSH) terms were combined with
terms cfDNA or ctDNA (Figure 1). All titles and abstracts
were screened by two of the authors (Z.Y. and X.W.) to
determine eligibility, and divergences were resolved by
discussion until consensus was reached. After removing
duplicates, 59 titles and abstracts were screened, and 20
full-text papers were reviewed describing the clinical util-
ity of cfDNA of typical length 150-200 bp in EC patients.
Non-English publications were excluded. Z.Y. and X.W.
reviewed the papers independently, and 9 papers that met
all criteria for inclusionwere selected, with extracted study
characteristics shown inTables 1 and 2. From the objectives
and results, studies were classified as diagnostic, moni-
toring, or prognostic. Studies were classified as diagnos-
tic when cfDNA was used to detect or diagnose EC versus
healthy controls, as monitoring when cfDNA was used to
monitor disease status or response to therapy, and as prog-
nosticwhen the association of cfDNAdynamicswith resid-
ual disease after curative resection or outcomes after sys-
temic therapywas studied. Endnote (version 9.0, Thomson
Reuters, New York City, NY, USA) was used to select and
screen the literature.

3 cfDNA DETECTION AND ANALYSIS

3.1 Sample preparation and cfDNA
isolation

Because of its low concentration and short half-life, isola-
tion of cfDNA is usually performed using the QIAamp cir-
culating nucleic acid kit fromQIAGEN (Dusseldorf, North
Rhine-Westphalia, Germany). Two crucial issues are (i) the
stability of the cfDNA and (ii) the possibility of germline
DNA contamination resulting from blood cell lysis dur-
ing isolation. Thus, when cfDNA is isolated from blood
collected in standard collection tubes (e.g., K2EDTA vacu-
tainer), plasma must be centrifuged twice and separated
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Publications identified 
from PubMed, Medline, 

and Embase search
(n = 197) 

Search strategy:
“esophageal cancer” and “circulating cell-free DNA” (32 hits)
“esophageal carcinoma” and “circulating cell-free DNA” (24 hits)
“esophageal cancer” and “circulating tumor DNA” (52 hits)
“esophageal carcinoma” and “circulating tumor DNA” (32 hits)
“esophageal adenocarcinoma” and “circulating cell-free DNA” (11 hits)
“esophageal adenocarcinoma” and “circulating tumor DNA” (17 hits)
“esophageal squamous cell carcinoma” and “circulating cell-free DNA” (11 hits)
“esophageal squamous cell carcinoma” and “circulating tumor DNA” (18 hits)

Selected publications for 
full-text evaluation

(n = 20) 

Excluded studies based on abstract evaluation (n = 177)
Duplicates (n = 138)
Review/ meta-analysis (n = 10)
Papers on different topics (n = 24)
Pre-clinical/ phase I study (n = 1)
Book chapter (n = 1)
Not in English (n = 2)
Other tumor type (n = 1)

Excluded studies based on full-text evaluation (n = 11)
Outside of the scope of the review (n = 3)
Circulating DNA fragments extracted outside of 150-200 bp (n = 8)

Articles selected for 
systematic review in details

(n = 9) 

F IGURE 1 PRISMA flow diagram of the selection of studies on the clinical applications of cfDNA in EC. PRISMA = Preferred Reporting
Items for Systematic Reviews and Meta-analyses, cfDNA = circulating cell-free DNA, EC = esophageal cancer

within 4 h. The need of rapid processing generates both
logistic challenges and pre-analytic variability since differ-
ences in processing time can cause variations in cfDNA
concentration andpurity [27, 28].However, specialized col-
lection tubes which contain fixatives (e.g., Streck cell-free
DNA BCT tubes) that stabilize both cfDNA and blood cells
for up to 14 days at room temperature for convenient ship-
ping or storage are available [29]. To assess cfDNA quality
and quantity, the Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA, USA) is commonly used. This
is combined with the Qubit DNA Assay (Thermo Fisher
Scientific, Waltham,MA, USA), which has a DNA-specific
dye that can quantify double-stranded cfDNA even at low
concentrations. The typical yield of cfDNA is 1-100 ng/mL
of plasma, and the fragment size distribution is centered
around 166 bp [30].
In EC patients, the contribution of ctDNA to cfDNA

is typically small and shows high inter-patient variabil-
ity. Therefore, ultrasensitive approaches are needed to
detect mutations, copy number variations (CNV), and
other alterations present in ctDNA at very low variant
allele frequencies (VAFs). Such methods are mainly based

on polymerase chain reaction (PCR) and next-generation
sequencing (NGS).

3.2 Techniques based on PCR assays

Quantitative PCR (qPCR) [31], BEAMing [32], and droplet
digital PCR (ddPCR) [33] can detect individual pointmuta-
tions in cfDNA and identify and quantify alterations at
VAFs of 0.01% or less [32, 33]. In early applications, qPCR
demonstrated that cfDNA levels in EC patients were signif-
icantly higher than those in healthy individuals [34, 35].
However, its high variability and the fact that increased
cfDNA levels are also present in other non-cancer-related
pathological conditions [36–41] have prevented its use as a
biomarker.
ddPCR detects mutations in cfDNA with high sensitiv-

ity, but it is only suitable when the mutations are already
known from previous tumor tissue-based analyses [42].
Also, the location of somatic mutations in EC-related
driver genes span large regions of the genome [43], which
are difficult to track by PCR-based methods. If mutations
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are not known or when large regions have to be analyzed,
NGS-based methods are preferable (see below).

3.3 Next-generation sequencing (NGS)

The overwhelming majority of cancers harbor genetic
and epigenetic alterations in both coding and non-coding
regions. These alterations can influence normal gene
expression and contribute to cancer occurrence and devel-
opment [44]. Genetic changes in cfDNA can potentially
be used to detect cancers or track their dynamics during
treatment in real time [45, 46]. High-throughput NGS is
highly sensitive and specific for cfDNA sequencing, and
can use samples obtained from liquid biopsy. In partic-
ular, deep whole-genome sequencing (WGS) can iden-
tify signature mutations and detect chromatin openness
state, an important epigenetic marker, whereas targeted
gene panel sequencing (TGPS) can detect known cancer-
specific mutations. Also, cfDNA bisulfite sequencing can
characterize methylation status, another important cancer
epigenetic marker, in specific regions of DNA [47]. How-
ever, deep WGS of cfDNA is expensive, and most studies
have used NGS panels containing only a set of common
cancer-related genes.
Since cfDNA has a small and defined size (see above),

no further DNA fragmentation is required before double-
stranded sequencing library construction. The key steps
to generate these libraries include DNA-end repair, A-
addition, adapter ligation, reaction cleanup, removal of the
adapters and adapter dimers, and library amplification.
The typical sequencing library concentration is 50-200
nmol/L when obtained from 1-10 ng of cfDNA [48]. The
number of library amplificationPCRcycles can be changed
depending on the yield required. However, although NGS
has been used to test cfDNA with high sensitivity and
specificity [30], the low concentration of cfDNA in blood
is a challenge for the construction of sequencing libraries
with high quality and complexity, especially in EC. For
example, mutations due to clonal hematopoiesis, e.g., in
tumor protein 53 (TP53), found in matched white blood
cells (WBCs) must be excluded [49]. This requires simul-
taneous sequencing of DNA extracted from WBCs [50] to
correctly attribute the cfDNA mutations to tumors.

4 THE APPLICATION OF cfDNA TO
DIAGNOSIS

4.1 EC

5-hydroxymethylcytosine (5hmC) is an intermediate of
active DNA demethylation and a novel cancer epigenetic

marker [51, 52]. Modes of this intermediate in cfDNA can
identify cancer-associated signatures in multiple malig-
nancies [53, 54]. Tian et al. [55] mapped the cfDNA 5hmC
profiles from a cohort of 150 newly diagnosed EC patients
(137 ESCC, 9 EAC, 3 small cell carcinoma, and 1 neuroen-
docrine carcinoma) and 177 healthy individuals. Using a
novel approach, nano-hmC-Seal, EC-associated 5hmC sig-
nature was identified. It was used to diagnose EC with a
sensitivity of 93.75% and a specificity of 85.71% (area under
curve [AUC] = 0.972), suggesting its potential use as a
biomarker for minimally invasive EC diagnosis.
Recently, a single-strand adaptor library preparation

(SALP) method was used to construct an NGS library of
cfDNA in EC patients [47]. Genetic and epigenetic dif-
ferences between 16 EC patients and 4 healthy individu-
als were detected, and 23 epigenetically and 28 genetically
altered EC-associated genes were identified. Overall, the
study suggested that adapted SALP-seq can potentially be
used in minimally invasive diagnosis of EC and other can-
cers.

4.2 ESCC

In ESCC patients, a multi-gene panel was used to detect
somatic mutations in plasma cfDNA [56]. The cfDNA
genetic profiles matched the status of the cancer and
showed the diagnostic utility of mutations in 4 genes
(TP53, fat atypical cadherin 3 [FAT3], mixed lineage
leukemia 3 [MLL3], and ajuba LIM protein [AJUBA]). In
both cfDNA and tumor tissues, the use of these mutations
achieved 78.9% sensitivity, 100% specificity, and 92.3% diag-
nostic accuracy [56].
Identification of true mutations is difficult when using

integrated analysis via NGS because of the low ctDNA con-
centrations in ESCC patients. When NGS is used in com-
bination with molecular barcodes (MB), mutations can be
detectedwith a high sensitivity in a relatively wide range of
genes [57]. NGS without MB produced background errors
of 3.22% as themaximum frequency, which was reduced to
0.08% after inclusion of MB [58], suggesting that this com-
bined approach can be used to detect cfDNA mutations in
ESCC patients.

5 THE APPLICATION OF cfDNA TO
MONITORING THERAPEUTIC RESPONSE

5.1 EAC

Mutations in ctDNA of 38 EAC patients were detected
using ddPCR and SiMSen-seq (simple, multiplexed, PCR-
based barcoding of DNA for sensitive mutation detection)
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[59]. ctDNA could be detected at all stages of the dis-
ease, and both detection rate and ctDNA quantity were
increased at later stages. This study showed that ctDNA
quantification could be used in some patients under treat-
ment to determine therapeutic response and to detect
recurrence after definitive treatment. Levels of ctDNA are
dynamic and can be analyzed before imaging to monitor
therapeutic response and recurrence [60].

5.2 ESCC

A deep sequencing comparison of pre- and postoperative
plasma ctDNA in 11 ESCC patients showed that some
ctDNA mutations were reduced in frequency or even dis-
appeared postoperatively [61]. VAFs of some mutations
were extremely lower or even equaled 0 in postopera-
tive plasma. However, deep targeted sequencing showed
altered driver genes that were also found in other cancers,
suggesting that the application of ctDNA mutation detec-
tion to the diagnosis of ESCC lacks specificity.
In another study, targeted sequencing of pre- and post-

operative cfDNA of matched tumor tissues and WBCs was
performed using a panel of 483 cancer-related genes in
17 ESCC patients [62]. A subset of cancer-specific muta-
tions could be detected in preoperative cfDNA from most
patients at stages II and III. The majority of those muta-
tions were not detected in blood samples collected as early
as 3-4 h postoperatively. The association of somatic muta-
tions in cfDNA with tumor load suggested cfDNA as a
potential biomarker for monitoring tumor burden, even in
ESCC patients at early stages.

6 THE APPLICATION OF cfDNA TO
PROGNOSIS

6.1 EC

Mutations in genomic DNA from tissue biopsies and in
cfDNAwere analyzed using a 12-gene panel with NGS and
ddPCR [42]. In 21 EC patients with identified mutations
(7 ESCC, 19 EAC, and 1 Barret’s esophagus), cfDNA muta-
tions were observed with a higher rate in ddPCR (8/21,
38%) than in NGS (3/21, 14%). During the follow-up period,
67% of patients with somatic cfDNA alterations during pri-
mary staging suffered from an early recurrence and had
a shorter progression-free survival as compared with the
patients who had cfDNA without somatic alterations. In
contrast, tumor recurrence was only observed in 10% of
patients with no detected mutations, suggesting that these
cfDNAalterations in patientswith locally advancedEC can
predict recurrence postoperatively. [42].

6.2 EAC

Unfortunately, relapse including local or distant recur-
rence happens often even if EC patients undergo poten-
tially curative esophagectomy. Recurrence can be identi-
fied not only from dysphagia symptoms or weight loss but
also from computed tomography (CT) or positron emis-
sion tomography-computed tomography (PET-CT). Lev-
els of ctDNA could be detected in some EAC patients
before recurrence was identified by imaging [60], suggest-
ing ctDNAas a valid biomarker. The possibility that ctDNA
analysis can predict recurrence in patients with localized
EC before imaging was examined by Azad et al. [63]. The
ctDNA of EC patients who underwent chemoradiother-
apy (CRT) was analyzed, and ctDNA and metabolic imag-
ing were combined to further improve risk stratification.
In 35 of those patients, the detection of ctDNA was asso-
ciated with tumor progression, metastasis, and short sur-
vival. ctDNA evidence was on average 2.8 months before
imaging evidence of tumor progression. In 10 EACpatients
who underwent CRT without resection, the combination
of ctDNAandmetabolic imaging could predict progression
in all patients. Also, ctDNA detection after CRT was more
predictive of distant metastasis than local progression.

6.3 ESCC

Azad et al. [63] reported similar results in 10 ESCC patients
who underwent either CRT followed by esophagectomy (n
= 8) or definitive CRT (n = 2). In the latter, the combina-
tion of ctDNA and metabolic imaging after treatment pre-
dicted progression in all patients. Combined with the EAC
findings, these results suggested that ctDNA can be used
to identify EC patients at risk of tumor progression after
therapy [63].
Ueda et al. [56] detected somatic mutations in cfDNA

from both primary tumors and recurrent lesions. VAFs of
concordant mutations in serial plasma samples were use-
ful not only for assessing tumor status but also for predict-
ing ESCC recurrence. In particular, concordant mutations
in cfDNA with high frequency appeared 6 months prior
to the detection of recurrences by imaging tests in 2 ESCC
patients.

7 DISCUSSION AND PERSPECTIVES

Analysis of somatic mutations in tumor tissue has been
recently implemented in clinical oncology. However, tis-
sue biopsy is limited because it is difficult to obtain and
is affected by sampling bias due to temporal and spatial
tumor heterogeneity [64]. Thus, alternative approaches,
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such as liquid biopsy, are currently assessed for appli-
cability in clinical practice. Liquid biopsy is minimally
invasive, safe, and may overcome the difficulties derived
from intratumoral heterogeneity [65]. Also, combinedwith
the potential of longitudinal evaluations during treatment,
cfDNA may predict therapeutic response and modes of
resistance earlier than imaging studies [60, 63]. The isola-
tion of cfDNA from cancer patients has led to the concept
of “ctDNA”, which harbors genetic and epigenetic alter-
ations associated with cancer that can be used for diag-
nostic andmonitoring purposes. Thus clinicians no longer
depend exclusively on invasive tissue biopsies, but can ana-
lyze cfDNA routinely to follow the reaction of a cancer to a
given therapy and monitor the development of resistance.
This is especially useful in some tumors where biopsies are
difficult or unsafe. Also, compared to a needle biopsy taken
from a single lesion, cfDNA analysis can not only better
describe the intratumoral heterogeneity harbored by vari-
ous subclonal populations in a tumor but also enable detec-
tion ormonitoring in individuals with no clinically evident
disease [65, 66].
cfDNA is thought to be released into the blood circu-

lation from apoptotic or necrotic cells, and its size distri-
bution suggests the source is apoptotic caspase-dependent
cleavage [24]. For this reason,we excluded from this review
studies which used larger circulating DNA fragments; e.g.,
DNA fragments from 200 bp to 50 kb, obtained using the
QIAamp DNA Blood Kits (Qiagen).
Current methods to improve ctDNA detection mostly

focus on genomic alterations using cfDNA with double-
stranded fragments of approximately 150-200 bp. However,
differences in size could be used to increase detection sen-
sitivity of ctDNA and improve genomic analysis of cancer
[67].
Multiple mechanisms of release or sample processing

methodsmay lead to distinct fragment sizes [20]which can
affect PCR amplification efficiency during library prepara-
tion. Smaller fragments are generally amplified more effi-
ciently, resulting in an over-representation of short frag-
ments.
Theoretically, ctDNA detection sensitivity is mainly

determined by (1) amount of input cfDNA, (2) sequencing
depth, (3) number of mutations tracked, and (4) assay
background (i.e., sequencing or variant calling errors)
[68]. Sensitivity can be increased by increasing sequencing
panel size or designing personalized ctDNA assays which
track more mutations, as previously reported for other
cancer types [68, 69]. Notably, ctDNA could be used to
monitor underlying tumor load and to accurately predict
recurrence [70]. Furthermore, ctDNA analysis can be
used to monitor response to anticancer therapies more
frequently and safely in clinical practice, which would
reduce morbidity compared to invasive tissue biopsies

[45]. Unfortunately, not many cfDNA or ctDNA studies
have been undertaken in EC patients so far compared to
other cancer types, but it is nevertheless a promising field
in biomarker research.
Recently, efforts have been directed to develop cancer

non-invasive screening at early stages, but this is difficult
[46]. Early EC detection by liquid biopsy remains elusive,
and endoscopy is still the gold standard for EC diagno-
sis [71]. However, the esophageal mucosa can be friable
because of ulceration or necrosis, and a minimum of 6
tissue biopsies are recommended for histological confir-
mation [72]. Endoscopy is often used, but it is invasive
and expensive and requires skilled operators. Less inva-
sive approaches would enable screening for a larger part
of the population. However, quantification of cfDNA in EC
patients is not sufficiently specific [36–41] despite having
been observed to be higher than in healthy individuals [34,
35].
As described above, Ueda et al. [56] used high-

throughput sequencing technologies to detect frequently
mutated genes in ESCC, identifying genetic profiles of
cfDNA which can accurately reflect tumor status of EC
patients and providing the basis for the development of
an ESCC diagnostic tool. By labeling each DNA fragment
with a barcode sequence, reads from the same DNA frag-
ment can be grouped, eliminating background errors [57].
The combination of NGS with MB enables highly sensi-
tive detection of ctDNA in a relatively wide range of genes,
which may be useful for the diagnosis of ESCC [58].
Epigenetic alterations are early events during carcino-

genesis [73], and in cancer patients these are reflected in
cfDNA [74]. Wu et al. [47] used a newmethod to construct
an NGS library of cfDNA and identified 23 epigenetically
and 28 genetically altered EC-specific genes in EC clini-
cal samples and EC-relatedmolecularmarkers reported on
chromatin status. Chromatin openness state of EC patients
differed from that in healthy individuals, although these
results were not verified in cancerous tissues of the same
patients [47].
Methylation of cytosine adjacent to guanine (CpG sites)

is important for cell type-specific gene regulation and is
a hallmark of cell identity [75]. Cancer cells exhibit two
types of DNA methylation alteration: site-specific hyper-
methylation at the promoter of oncosuppressor genes
and global DNA hypomethylation [76, 77]. Interestingly,
DNA methylation patterns detected in cfDNA are highly
concordant with those found in matched primary tumor
tissues [78, 79]. Certain cfDNA methylation markers have
been associated with EC and other types of cancer, which
can be used for its detection and localization [80–83].
Tian et al. [55] mapped the 5hmC profiles in cfDNA from
EC patients, demonstrating that 5hmCs in cfDNA are
promising biomarkers for EC diagnosis.
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In Barrett’s esophagus, squamous epithelium of the
esophagus is replaced by metaplastic columnar epithe-
lium, and this is the only well-defined precursor of EAC
[8]. Recently, an analysis of methylation patterns of long
interspersed nuclear element (LINE-1) sequences, a good
surrogate indicator of global DNA methylation, showed
that hypomethylation of these sequences was present in
cfDNA in 19 EAC patients [84]. Also, longitudinal studies
on 2 BE patients suggested an association between methy-
lation status of LINE-1 sequences in cfDNA and progres-
sion to EAC [77]. Although further studies are needed,
these results suggest a potential method for early EAC
detection.
Efforts have been focused to develop cfDNA for early

diagnosis of BE and EAC, with potential applicability to
primary care. Genome-wide cfDNA methylation profiles
were highly consistent with DNA methylation profiles
detected in corresponding tumor tissues. Moreover, differ-
ential cfDNA methylation profiles could distinguish EAC
and BE from controls, as well as EAC from BE [85]. These
results suggest that differential cfDNA methylation profil-
ing may be useful for noninvasive screening of EAC and
EAC premalignant lesions.
Successful monitoring of therapeutic response provides

physicians with a rapid evaluation of the therapeutic
effects and possible modification of therapeutic regimens
[60]. For repeat or serial testing during one or more lines
of therapy, cfDNA analysis is advantageous over inva-
sive tumor biopsies. The latter is increasingly utilized as
it can also reveal significant mutations that guide ther-
apeutic regimens in these patients [25]. Recently, data
from one study with longitudinal EAC samples indicated
that ctDNA has the potential to be a dynamic biomarker
to monitor treatment response in patients with EAC,
and VAFs of some mutations were lowered or elimi-
nated in ESCC patients’ postoperative plasma [60]. Simi-
larly, somatic mutations could be detected in preoperative
cfDNA in patients with ESCC at stage IIA-IIIB and were at
a lower frequency in postoperative cfDNA in another study
[62]. These results demonstrated that ctDNA is a valuable
biomarker for tracking tumor status and evaluating thera-
peutic effect. In addition, cfDNA can capture genetic het-
erogeneity associated with therapeutic resistance. The use
of cfDNA was suggested as a tool to identify therapeu-
tic targets that are not detected by standard tissue biopsy
in gastric and esophageal adenocarcinomas (GEA) with
metastatic lesions [86], representing more accurately GEA
disseminated disease.
Thus, studies suggest that cfDNA analysis may enable

detection of genetic alterations specific to molecular
subtypes of cancer which are associated with mechanism
of resistance and may be therapeutic targets. This is
important for future treatments developed specifically for

subtypes of EC identified and tracked from a routine
blood test. Integration of real-time cfDNA analysis into
standard clinical management may become a valuable
tool for capturing tumor heterogeneity and monitoring
therapeutic response.
One application of cfDNA analysis may be to detect

tumor in patients without clinical evidence, e.g., as a
predictive tool in the early detection of recurrence after
surgery or adjuvant therapy [65]. Primary treatment of
cure for EC is surgical resection. In high-risk patients with
advanced EC, adjuvant CRT can reduce the risk of recur-
rence after surgery [1, 2, 8]. However, it is currently not pos-
sible to determine which patients harbor minimal resid-
ual disease postoperatively or which patients have been
cured. Therefore, decisions about adjuvant CRT aremainly
based on clinical risk stratification, which may not be
accurate.
Detection of ctDNA can be used to determine mini-

mal residual disease after CRT and is strongly predic-
tive for progression and disease-specific survival, and a
combined ctDNA-imaging mode may enable effective risk
stratification of EC patients treated with CRT alone [63].
Similarly, multiple studies have shown that detection of
tumor-specific mutations in cfDNA after surgery can pre-
dict prognosis in EC. For example, in ESCC patients, an
increased frequency of concordant somatic mutations in
cfDNA occurred 6 months earlier than recurrences iden-
tified by imaging studies [56], and detection of somatic
mutations in the cfDNA of EC patients at the time of pri-
mary staging may be indicative of a increased risk of post-
operative tumor recurrence [42]. In summary, analysis of
cfDNAhas the potential to become a useful tool in the post-
operative management of EC patients, especially in prog-
nosis prediction. Prospective studies are needed to evalu-
ate the utility of residual ctDNA detection after surgery to
guide adjuvant CRT for EC.
In the last decade, cfDNA has become a hot topic in

oncology, and it is difficult to keep pace with the number
of papers that are published. However, our basic knowl-
edge on cfDNA or ctDNA is still far from complete. The
mechanisms leading to the release of cell-free DNA into
circulation are not known, and technical and methodolog-
ical issues have to be solved. So far, there is no consen-
sus on a “gold standard” for the isolation of cfDNA. Addi-
tionally, computational approaches should be improved
to perform genetic and epigenetic analysis deconvoluting
cancer-specific signals from themixture of cancer and nor-
mal signals present in cfDNA.
Finally, the use of healthy individuals as controls in

many studies is questionable, since biomarkers may not be
able to differentiate cancer patients and patients with pre-
malignant lesions, or patients with benign disease affect-
ing target organs. Therefore, the choice of an appropriate



YUAN et al. 11

control population for the discovery of new biomarkers is
very important.

8 CONCLUSIONS

Advances in the field of cfDNA can produce new molecu-
lar biomarkers for use in early diagnosis, monitoring, and
accurate prognosis prediction of EC. Mutational analysis
of EC-related genes has shown that ctDNA is present in
cfDNA. The genetic profile of ctDNA includes both point
mutations and somatic copy number alterations in EC.
Although more studies are needed, cfDNA analysis has a
potential to be used as a non-invasive technology for EC.
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