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In the era of ‘precision medicine’, liquid biopsies based on cell-free DNA (cfDNA) have emerged as a promising
tool in the oncology field. ¢cfDNA from cancer patients is a mixture of tumoral (ctDNA) and non-tumoral DNA
originated from healthy, cancer and tumor microenvironmental cells. Apoptosis, necrosis, and active secretion
from extracellular vesicles represent the main mechanisms of cfDNA release into the physiological body fluids.
Focused on HNC, two main types of cfDNA can be identified: the circulating cfDNA (ccfDNA) and the salivary
cfDNA (scfDNA). Numerous studies have reported on the potential of cfDNA analysis as potential diagnostic,
prognostic, and monitoring biomarker for HNC. Thus, ctDNA has emerged as an attractive strategy to detect
cancer specific genetic and epigenetic alterations including DNA somatic mutations and DNA methylation pat-
terns. This review aims to provide an overview of the up-to-date studies evaluating the value of the analysis of
total cfDNA, cfDNA fragment length, and ctDNA analysis at DNA mutation and methylation level in HNC
patients.

underlying HNC development and progression remain incompletely
understood [3,6].

1. Introduction

Head and neck cancer (HNC) is the seventh most common malig-
nancy with an estimated 930,000 new cases and 470,000 deaths
occurring in 2020 [1]. HNC involves multiple anatomic subsites like the
oral cavity, oropharynx, hypopharynx, and larynx, with squamous cell
carcinoma (HNSCC) being the most common histological type [2,3].
Although cases related to the consumption of tobacco and alcohol are
slowly declining in developed countries, over the last decades, human
papillomavirus (HPV) status has emerged as a novel risk and a prog-
nostic factor for this malignancy [4,5]. This variety of locations and
etiologies leads to a multifactorial pathogenesis with different deranged
molecular pathways; however, up to date, despite the information
retrieved by the use of genomics, the precise molecular mechanisms

Application of next-generation sequencing (NGS) in liquid biopsies
has raised as an attractive strategy to characterize the molecular profile
of solid tumors throughout a minimally invasive procedure, leading to
an insightful understanding of the carcinogenesis process [7]. In gen-
eral, liquid biopsies allow the analysis of different tumor-derived com-
ponents such as circulating tumor cells (CTCs), cell-free acid nucleics
(cfDNA) or extracellular vesicles, which are present in different human
body fluids like blood, saliva, urine or cerebrospinal fluid [8-10].
Nowadays, this minimally-or non-invasive strategy represents an alter-
native or a complementary approach to solid biopsy for molecular ge-
netic analyses [11] and cancer biomarkers identification.

In the era of ‘precision medicine’, cfDNA analysis supposes the most

* Correspondence to: Department of Surgery and Medical-Surgical Specialties, Medicine and Dentistry School, Universidade de Santiago de Compostela (USC),
15782 Santiago de Compostela, Spain. Health Research Institute of Santiago (IDIS), Santiago de Compostela, Spain

E-mail address: mariamercedes.suarez@usc.es (M.M. Suarez-Cunqueiro).

https://doi.org/10.1016/j.jdsr.2023.08.004

Received 9 February 2023; Received in revised form 31 July 2023; Accepted 17 August 2023
1882-7616/© 2023 Published by Elsevier Ltd on behalf of The Japanese Association for Dental Science. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:mariamercedes.suarez@usc.es
www.sciencedirect.com/science/journal/18827616
https://www.elsevier.com/locate/jdsr
https://doi.org/10.1016/j.jdsr.2023.08.004
https://doi.org/10.1016/j.jdsr.2023.08.004
https://doi.org/10.1016/j.jdsr.2023.08.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jdsr.2023.08.004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

O. Rapado-Gonzdlez et al.

studied biomarker inside the liquid biopsies because of the valuable
information that it offers regarding the patient’s disease situation.
CfDNA comprises a highly fragmented nuclear double-stranded and/or
mitochondrial DNA released from the cells into physiological body fluids
[12]. Mandel and Métais reported the presence of cfDNA in blood of
healthy individuals for the first time in 1948 [13] but it was not until
1977 when Leon et al. detected cfDNA in serum from cancer patients
[14], suggesting that its concentration could be proportionally related
with the stage of the disease and the type of tumor [15,16].

The majority of cfDNA released into plasma from healthy individuals
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stems from the hematopoietic system [17]. However, in cancer, there is
an uncertain small fraction that belongs to tumor-derived cfDNA, known
as circulating tumor DNA (ctDNA). This subpopulation of cfDNA varies
depending on the type of cancer, the stage, or the biofluid analyzed [18].
Consequently, cfDNA from cancer patients is a mixture of tumoral
(ctDNA) and non-tumoral DNA originated from healthy, cancer and
tumor microenvironmental cells [12]. Different mechanisms have been
suggested for explaining the cfDNA release, including apoptosis, ne-
crosis, and active secretion from extracellular vesicles [19-22], none-
theless, the precise mechanisms by which cfDNA is released into body

Fig. 1. Overview of cell-free DNA in head and
neck cancer: (a) origin, release mechanisms,
excretion and (b) epigenomic biomarkers. It
includes normal and tumor -cell-free DNA
(cfDNA), known as ctDNA, which came from
cellular processes like apoptosis, necrosis,
active secretion, or NETosis. Regarding their
origin, circulating c¢fDNA (ccfDNA) predomi-
nantly originates from the bone marrow, organs
within the human body, and tumor cells and it
is excreted by the liver, the kidneys, and the
spleen. CfDNA in blood and saliva can originate
from diverse sources. Conversely, in saliva, the
main contributors to cfDNA are the epithelial
cells scrapped off from the oral cavity, repre-
senting the local source and, to a lesser extent,
from the systemic circulation throughout the
secretion of the salivary glands (systemic
source), being the digestive system the one on
charge of the excretion of salivary cell-free DNA
(scfDNA). (b) Epigenomic biomarkers in cfDNA
(mutations, methylation, viral DNA, fragmen-
tomics, and nucleosome patterns) offer valuable
insights into various aspects of genomic regu-
lation and pathological processes.
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fluids remain to be clarified [18]. In plasma, most of the cfDNA is
thought to come from an apoptotic cell process, showing a size distri-
bution pattern near 167 bp that corresponds approximately to the length
of the DNA that is wrapped around a nucleosome (~147 bp) plus a linker
fragment (~20 bp). This non-random fragmentation process is due to
the cleavage of the internucleosomal chromatin regions by endonucle-
ases [23,24]. Besides, longer DNA fragments have also been identified in
the circulating cell-free DNA (ccfDNA) fraction, which may be released
from necrosis [22], NETosis [25] and exosomes [26]. Nevertheless,
ctDNA is more fragmented than non-tumor cfDNA [27] and mainly
composed of shorter fragments of less than 145 bp [12,27-29] (Fig. 1).

Since ctDNA could reflect the genetic and epigenetic alterations of
the tumor, several studies in HNC have explored this biomarker as an
opportunity for non-invasive cancer management. Here, we described
the different types of cfDNA in HNC and their potential clinical utility in
cancer management and tumor characterization, along with its impli-
cations in diagnosis, in prognosis, and in monitoring cancer patients’
disease progression and therapy response.

2. Types of cell-free DNA in head and neck cancer

Two main types of cfDNA have been evaluated in HNC: ccfDNA and
salivary cfDNA (scfDNA) (Fig. 2). The studies that analyze the ccfDNA
can focus either on serum or plasma cfDNA fraction, however, as plasma
shows higher levels of ctDNA because it is less diluted than in serum ,
represents a better option to analyze ctDNA [30,31]. In recent years,
apart from blood, various studies have highlighted the potential utility
of salivary DNA for HNC management, including the study of the cfDNA
fraction or the overall salivary total DNA. Of note, scfDNA is a mixture of
non-tumoral and tumoral cfDNA (coined as salivary tumor DNA-stDNA)
that can come directly from oral cells (local source) or from systemic
circulation throughout the salivary glands [32].

3. Applications of cell-free DNA in head and neck cancer
3.1. Cell-free DNA concentration

Several studies have determined the ccfDNA concentration in cancer
patients and non-cancer controls, generally observing higher cfDNA
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levels in cancer patients compared to healthy individuals, and inter-
mediate cfDNA levels in patients with benign conditions [33]. Focusing
on HNC (Table 1), Mazurek et al. quantified the total cfDNA concen-
tration in plasma of 200 HNC patients and 15 age-matched healthy
controls by TERT amplification. An increase in cfDNA levels was
observed in HNC patients compared to healthy controls, although this
trend was not significant. Interestingly, when the analysis was per-
formed according to the tumor anatomic sites, oropharyngeal cancer
patients showed significantly higher cfDNA levels compared to other
head and neck locations, which was explained by a greater release of
cfDNA to the bloodstream as a consequence of the inflammation process
associated to oropharyngeal tumors. Also, significantly high levels of
cfDNA were observed in IV stage tumors and in N2-3 nodal disease,
indicating its value as a biomarker for tumor progression [34]. Later, Lin
et al. found significantly higher plasma cfDNA levels in oral squamous
cell carcinoma (OSCC) patients compared to healthy controls using a
spectrophotometric analyzer for the quantification of total cfDNA. Also,
plasma cfDNA levels were significantly associated with tumor size, TNM
stage, and lymphovascular invasion, according to this, those OSCC pa-
tients with large tumors, cervical nodal metastasis and advanced TNM
stage showed higher levels of cfDNA. Moreover, using a cut-off of
20.2 ng/mL of plasma, the receiver operating characteristic (ROC)
analysis yielded an area under the curve (AUC) of 0.69 suggesting the
potential of plasma cfDNA for discriminating oral cancer [35]. In this
line, Verma et al. detected significantly higher serum cfDNA levels in
HNSCC patients compared to healthy individuals. Furthermore, strati-
fied analysis by anatomic tumor subsites and TNM stage revealed an
increase of serum cfDNA levels in oral cavity cancers and stage IV tu-
mors, nevertheless, this association was not significant [36]. In contrast,
other authors did not find significant differences between the concen-
trations of c¢fDNA in cancer patients and non-cancer controls [37]. In
Shukla et al. study, plasma cfDNA levels were not significantly increased
either in OSCC or in oral potentially malignant disorders compared to
healthy individuals, which was explained by the quantification method
used [37]. Previously, Coulet et al. evaluated the concentration of
cfDNA in 117 HNC patients using a fluorometric method, but no cor-
relation was also observed between plasma DNA levels and tumor stage,
tumor location and gender [38]. Different factors could influence on the
cfDNA levels such as the clinicopathological characteristics of the study
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Fig. 2. Schematic overview of cell-free DNA release mechanisms, molecular analysis strategies and potential applications in head and neck cancer. ccfDNA,
circulating cell-free DNA; ctDNA, circulating tumor DNA; non-ctDNA, non-circulating tumor DNA; scfDNA, salivary cell-free DNA; stDNA, salivary tumor DNA.
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Table 1
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Values of ¢fDNA quantification in saliva and plasma from HNC patients and non-cancer controls.

Author Biofluid  Isolation cfDNA method DNA quantification method Sample cfDNA concentration
cohort
Coulet et al. 2000  Plasma QIAmp Blood Kit (Qiagen) Fluorometry (DyNA Quant 200 fluorimeter) 16 OCSCC < 100 ng/mL (68.75%)/100 ng/mL
49 OPSCC (25%)/> 250 ng/mL (6.25%)
32 HPSCC < 100 ng/mL (63.26%),/100 ng/mL
20 EPSCC (26.5%)/> 250 ng/mL (10.20%)
< 100 ng/mL (62.5%)/100 ng/mL
(28.12%)/> 250 ng/mL (9.37%)
< 100 ng/mL (70%)/100 ng/mL
(25%)/> 250 ng/mL (5%)
Shukla et al. 2013~ Plasma No isolation Spectrophotometry (NanoDrop ND-1000 150 0OSCC 44.36 + 4.20 ng/pL mean + SD
spectrophotometer; Thermo Fisher Scientific) 90 OPMD 41.30 + 4.32 ng/pL
150 HC 41.12 + 3.08 ng/pL
150 41.99 + 3.91 ng/pL
0SCC*
Mazurek et al. Plasma Genomic Mini AX Body qPCR (TERT gene amplification) 200 HNC 9.22 + 2.64 ng/mL mean + SD
2016 Fluids kit (A&A Biotechnology) 15 HC 5.19 + 7.96 ng/mL
72 OPSCC 9.60 + 6.23 ng/mL
15 NP 9.02 £+ 7.41 ng/mL
20 HP 8.29 + 2.74 ng/mL
85L 7.34 £ 4.04 ng/mL
Kumar et al. 2017  Plasma QIAamp Circulating Nucleic qPCR (GAPDH gene amplification for cfnDNA and D- 54 HNSCC  5451.66/29,103,476.15" GE/mL
Acid Kit (Qiagen) Loop genes amplification for cf-mtDNA) 52 HC median
1650.9/9189,312.54' GE/mL
Lin et al. 2018 Plasma QIAamp Circulating Nucleic Spectrophotometry (TapeStation 2200, Agilent 121 OscC 53.1 + 6.69 ng/mL mean + SD
Acid Kit (Qiagen) Technology) 52 HC 24 + 3.33 ng/mL
Verma et al. 2020  Serum Charge Switch® gDNA 1 mL SYBR Green qPCR (p-globin gene amplification) 27 HNSCC  952.67 + 657.43 ng/mL
Serum Kit (Invitrogen) 16 HC 60.65 + 30.42 ng/mL
Rapado-Gonzalez Saliva QIAamp Circulating Nucleic Fluorometry (Qubit 4 Fluorometer (Thermo Fisher 19 OsCC 6200 ng/mL (2500 to 11,233) median
et al. 2022 Acid Kit (Qiagen) Scientific) 15 HC + IQR
4333 ng/mL (1080 to 14,467)
Sayal et al. 2022 Saliva DNeasy Blood and Tissue kit qPCR (B2MG gene amplification for cfnDNA and 102 7.31/5.12" mega copies/mL median
(Qiagen) mitochondrial gene amplification for cf-mtDNA) HNSCC 2/1.44" mega copias/mL
31 OLK 2.29/0.921 mega copias/mL
137 HC

Abbreviations: cfDNA, cell-free DNA; cfnDNA, cell-free nuclear DNA; cf-mtDNA, cell-free mitochondrial DNA; HNSCC, head and neck squamous cell carcinoma;
OCSCC, oral cavity squamous cell carcinoma; OPSCC, oropharynx squamous cell carcinoma; HPSCC, hypopharynx squamous cell carcinoma; EPSCC, endopharynx
squamous cell carcinoma; OSCC, oral squamous cell carcinoma; OPMD, oral potentially malignant disorders; HC, healthy controls; NP, nasopharynx; HP, hypopharynx;
L, larynx; OLK, oral leukoplakia; SD, standard deviation; IQR, interquartile range; *post-treatment OSCC patients, { cf-mtDNA.

subjects or the methodological characteristics of each investigation
including sample processing, storage, nucleic acid isolation methods,
and quantification techniques [39]. Furthermore, it is essential to
highlight that high levels of cfDNA are not specific to cancer since
physiological, [40] as well as other pathological conditions [41,42], can
affect cfDNA concentration. Particularly, various studies have quantified
the levels of mitochondrial DNA in the cfDNA showing an increased of
cell-free mitochondrial DNA in several malignancies, [43,44] including
HNC [45]. Kumar et al. reported that the cell-free mitochondrial DNA
copy number in plasma of HNC patients was significantly higher
compared to healthy controls. In addition, the concentration of cell-free
mitochondrial DNA was also higher than cell-free nuclear DNA,
revealing with the ROC analysis the potential diagnostic performance of
cell-free mitochondrial DNA (84% sensitivity and 100% specificity)
compared to cell-free nuclear DNA (53% sensitivity and 87% specificity)
for discriminating HNC patients from controls [46]. In addition to
plasma cfDNA, recently, our research group quantified for the first time
the total scfDNA levels of oral cancer patients and healthy individuals
using a fluorometric method. Although these findings evidence that oral
cancer patients presented higher scfDNA levels compared to healthy
individuals, no significant differences were observed, probably because
of the limited cohort analyzed [47]. In this line, Sayal et al. quantified
the salivary cell-free nuclear DNA levels and salivary cell-free mito-
chondrial DNA levels by qPCR, observing median scores significantly
higher in HNC patients compared control groups. Moreover, ROC curve
analysis yielded to AUC values of 0.758 for salivary cell-free nuclear
DNA and 0.826 for salivary cell-free mitochondrial DNA, which reflects
its value as potential diagnostic biomarkers [45]. Interestingly, high
salivary cell-free nuclear DNA levels and salivary cell-free mitochondrial
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levels were associated with a poor overall survival in HNC patients.
Moreover, univariate analysis revealed that the salivary cell-free mito-
chondrial DNA was an independent predictor of the patient’s overall
survival which showed the potential application of salivary cell-free
mitochondrial DNA analysis for HNC prognosis [48].

Overall, cfDNA concentration shows potential as a clinical tool for
HNC management, however, it is important to keep in mind that most of
these studies have a retrospective design [34,35,37,38,45-47].
Although a control group was included in various of them to evaluate its
potential as diagnostic biomarker [35,36,45,47], the lack of longitudinal
follow-up did not allow us to know how the inter- and intra-individual
cfDNA levels vary during disease evolution. In addition, since various
factors can determine the cfDNA concentration levels, different clini-
copathological variables such as tumor stage or tumor location were
considered in the correlation analysis [34,37,38]. However, the rela-
tionship with other variables such as comorbidities that can interfere
with cfDNA concentration were not considered in any study.

3.2. Cell-free DNA fragmentomics

As aforementioned, apoptosis has been described as the primary
mechanism by which cfDNA is released by cells into circulation,
resulting in mono-nucleosome structures or multiples thereof (oligonu-
cleosomes) [49]. However, there are other less predictive sources of
cfDNA, such as the process of necrosis, which is more related to tumoral
cells and represents a cfDNA font of high molecular-weight DNA frag-
ments [23]. The analysis of the length of cfDNA fragments forms part of
the ‘fragmentomics’ field and, based on these concepts, the cfDNA
integrity (cfDI) index started to be explored. It consists of a formula that
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uses repetitive DNA sequences that are found all over the genome [50]
for characterizing the fragmentation pattern of the cfDNA based on the
ratio between longer, more associated with a necrosis origin, to shorter
DNA fragments, which in theory represent the whole amount of cfDNA
[51,52]. Although (cfDI) has been more studied in other types of cancers
[51,53], only a few articles have evaluated its potential as a cancer
diagnostic biomarker in HNC. Jiang et al. were one of the first to study
the cfDI index, they described that the index was significantly greater in
the plasma of a group of 58 HNSCC patients compared to the control
subjects. However, no significant difference was found between the pre-
and postoperative index values in the plasma [54]. In 2022, Rapado--
Gonzalez et al. demonstrated in a cohort of 19 OSCC patients the median
values of salivary cfDI indexes for both ratios used, ALU115/ALU60 and
ALU247/ALU60, were significantly higher in OSCC in comparison with
healthy controls [47]. These studies highlight the potential of the cfDI
index as a screening marker for the detection of cancer, but more studies
and standardization in the process is needed.

3.3. Somatic mutations in cell-free DNA

The fraction of ctDNA represents a small percentage of the total
ccfDNA (sometimes <0.01%), finding in those metastatic cancer pa-
tients higher concentrations of mutant DNA fragments in circulation
compared to patients with local cancer disease [16,55]. Since ctDNA
harbors specific tumor genomic alterations and can provide a more
thorough profile of tumor heterogeneity [56], several studies have
explored this advantage by designing assays that may improve HNC
management (Table 2).

3.4. Disease diagnosis and genotyping

Nowadays, the molecular tumor characterization using plasma
ctDNA assays has been implemented in the clinic routine in some types
of cancer [57,58], representing a great advance to achieve precision
oncology. Particularly in HNC, various studies have carried out different
assays for testing the application of genomic profiling using liquid bi-
opsies, mainly focusing on plasma cfDNA. In 2015, Wang et al. analyzed
the presence of HPV16 DNA sequences and somatic mutations in TP53,
PIK3CA, CDKN2A, FBXW7, HRAS, and NRAS in tumor, plasma, and
saliva samples from 93 HNSCC patients. Tumor DNA was detected in
76% and 87% of saliva and plasma samples, respectively. Moreover,
when both fluids were tested in combination, the detection rate
increased to 96%. Interestingly, the detection of tumor DNA was influ-
enced by the anatomic location and the stage of the tumor showing
saliva a 100% sensitivity for early-stage oral cavity tumors and a rela-
tively high fraction of mutant DNA (median 0.65%). However, plasma
ctDNA was a predictor more sensitive than salivary tumor DNA for
oropharynx (47% vs. 91%), hypopharynx (70% vs. 86%), and larynx
(67% vs. 100%) tumors, as well as in advanced disease (92% vs. 70%).
Furthermore, plasma HPV DNA showed a sensitivity of 86% (21/30
cases) while in saliva, the detection rate was 40% (12/30 cases), indi-
cating the potential of HPV-cfDNA as a biomarker for HNSCC detection
[59]. Similarly, Perdomo et al. evaluated the ctDNA performance
comparing plasma samples of 36 HNSCC cases with their matched tis-
sue, in which 65 mutations were previously identified by tumor
sequencing in 5 genes (TP53, NOTCH1, CDKN2A, CASP8, and PTEN). In
contrast with Wang et al. study [59], ctDNA alterations were only
detected in 42% (15/36) of cases, which could be explained by cfDNA
degradation related to prolonged storage of plasma samples (>10 years).
Specifically, a total of 18 mutations (28%) in TP53, CASP8, NOTCH1 and
CDKNZ2A were detected in both, tumor tissue and plasma, from HNC
patients. Moreover, by sequencing of the entire coding region of TP53 in
37 II-IV stage patients, they identified 36 mutations in tumor, 3 in
plasma and 26 in oral rinse sample. However, only 4 missense mutations
in TP53 gene (p.Gly244Cys, p.Arg288Trp, p.Glu286Gly, and p.Vall73Leu)
were concordant between tumor and oral rinse samples whereas only
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one missense mutation (TP53 p.Vall73Leu) was detected in the three
samples, which indicates a low concordance for TP53 mutations among
tumor and liquid biopsies. The mutations only detected in oral rinses
could reflect the tumor heterogeneity and/or the genetic alterations in
the squamous epithelial cells lining the oral cavity as a result of field
cancerization, mostly related to tobacco and alcohol consumption.
Interestingly, oral cavity and oropharynx tumors showed a higher pro-
portion of TP53 variants in oral rinses compared to larynx tumors, which
suggests a lower release rate of tumor DNA into saliva by the HNSCC
anatomic locations which are more distant to oral cavity [60]. Recently,
Shanmugam et al. developed a targeted NGS panel based on 7 genes
(CASP8, PIK3CA, FAT1, CDKN2A, NOTCH1, HRAS, and TP53) to identify
somatic mutations at low frequencies in saliva from 121 OSCC patients
by ultra-deep sequencing. The design of these gene panel was based on
publicly available OSCC datasets by selecting genes in which mutations
would represent > 85% of patients with OSCC. This targeted sequencing
approach detected 278 variants at > 4% allele frequency in 87.6% of
tumor samples (n = 106), of which 48.6% were missense variants and
28.8% non-sense mutations. In addition, mutations were detected in
75.5% of I-Il and 97% of III-IV stage tumors, with TP53 remaining as the
most mutated gene in tumor and saliva. The sequencing of oral rinses
showed 377 variants at > 0.1% allele frequency in 95.86% of patients
(n =116), of which 45.35% were missense variants and 28.9%
non-sense mutations. An overall concordance of 93.4% was observed
between primary tumor and oral rinse samples, being this rate increased
in advanced stages (97%) compared to early stages (87.5%). Moreover,
saliva revealed somatic mutations that were not detected in tumor,
which evidences the potential of salivary tumor DNA for reflecting the
intratumor heterogeneity in real-time of oral cancer [61].

Ongoing advances in NGS technology have allowed the development
of gene panels for genomic profiling throughout liquid biopsies. In this
line, Porter et al. analyzed the molecular profile of 60 recurrent or
metastatic HNSCC using the Guardant360 platform composed by 70
genes for digital sequencing of ctDNA. They found ctDNA alterations in
the 83% of patients, mainly in TP53 (68%), PIK3CA (34%), NOTCH]1
(20%), and ARID1A (15%) genes. A total of 21 mutations were identified
both in tumor and ctDNA (66% of concordance), however, in patients in
which tissue NGS was available they detected through the sequencing of
their ctDNA that 73% of them had new mutations in plasma, being most
of them actionable mutations. Interestingly, ctDNA allowed to identify
in 66% of HNSCC patients an off-label option and in 90% of them a trial
option, which reflects the clinical value of ctDNA for identifying
potentially targetable alterations [62]. Similarly, Wilson et al. charac-
terized the molecular profile of 76 HNSCC patients using the Foundation
One platform for tumor DNA sequencing and the Guardant360 platform
for plasma ctDNA analysis. They reported tumor and ctDNA alterations
in 100% and 76.6% of the patients, respectively, identifying actionable
ctDNA mutations in 63.5% of patients. TP53, EGFR, KIT, BRAF, FGFR2,
and FGFR3 genes showed a similar number of ctDNA and tumor DNA
alterations, whereas ARID1A, ATM, and MET genes presented more al-
terations in ctDNA. The concordance rate for altered genes between
tumor DNA and ctDNA was of 13%. Specifically, TP53 was the most
mutated gene (73.3% of patients), showing a total of 127 alterations.
Interestingly, ctDNA and, in particularly, TP53 ctDNA alterations were
more frequent in recurrent (88% and 64.7, respectively) and metastatic
(86% and 63.6%, respectively) patients compared with no evidence of
the disease (27% and 9.1%, respectively) at the time of blood collection.
Additionally, the presence of ctDNA alterations, TP53 ctDNA alterations,
and DNA repair genes (APC, ATM, BRCA1, and/or BRCA2) were
significantly associated with a decreased overall survival, which also
shows the potential clinical value of ctDNA analysis for predicting
HNSCC prognosis [63]. Using a more comprehensive approach, Galot
et al. analyzed the feasibility to detect ctDNA in locoregional recurrent
and/or metastatic HNSCC patients by targeted sequencing using a
custom panel of 604 genes with > 1% allele frequency. They detected
ctDNA in 51% of patients (20/39), this probability was increased in
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Table 2

Somatic gene mutations detected in liquid biopsies from head and neck cancer patients.
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Author Cohort Location Stage HPV Type of Technique % Genes Analyzed Main objective
samples mutated
N) cases/
(total
cases)
Wang et al. 93 HNSCC 46 OC 20 (I- 30 (+) Saliva ddPCR and 76%/(93) TP53, PIK3CA, CDKN2A, To detect somatic mutations and
2015 34 OP ) 73 63 (-) Plasma Safe-SeqS 87%/(47) FBXW7, HRAS, NRAS HPV in plasma and saliva from
10L (III-1V) HNSCC patients
3 HP
Braig et al. 46 HNSCC 17 OP 3 () 5(+) Plasma Targeted 46%/(20) EGFR (exon 12), KRAS/ To identify acquired RAS
2016 12 0C 42 (1II- 41 () sequencing NRAS (exons 2/3/4), mutations which could
8 HP V) HRAS (exons 2/3) correlated with resistance to
4L 1 cetuximab in plasma samples
2 PNS (UNK) from HNSCC patients during
2 OP/HP and after therapy
1 HP/L
Mazurek et al. 200 HNSCC 72 OP 83 (I- 28 (+) Plasma PCR 0/(200) KRAS G12C (c .34 G>T) To analyze the most frequent
2016 85L 1) 172 (-) EGFR (p.E746-A750del) mutations of KRAS and EGFR in
20 HP 114 plasma for identifying HNSCC
15 NP av) patients for treatment with anti-
8 UNK EGFR monoclonal antibodies
and EGFR inhibitors
Perdomo et al. 36 HNSCC n.a. 14 (I- 36 () Plasma Targeted 42%/ (36) TP53, NOTCH1, To evaluate the presence of DNA
2017 (ARCAGE m sequencing CDKN2A, CASP8, PTEN alterations in plasma ctDNA and
study) 22 (1II- oral rinses
V)
37 HNSCC (LA n.a. 37 (III- UNK Plasma 8.10%/ TP53
study) v) 37)
Oral 37.84%/
rinse (37)
van Ginkel 6 HNSCC 50C 1D 6(-) Plasma ddPCR 100%/(6) TP53 To investigate whether low
et al. 2017 1 0P 5 (IV) levels of ctDNA in plasma of
HNSCC patients can be detected
using ddPCR
Egyud 8 HNSCC n.a. 1D 4 (+) Plasma Targeted n.a./(8) TP53, ARID1B, ATM, To examine the potential role of
et al.2018 7 (IV) 4 () sequencing CDKS8, FANCA, RASA1, ctDNA in treatment monitoring
(SiMSen-Seq) CSM2D, SIN3A, KRAS, and recurrence detection in
NSD1, SMARCA4, HNSCC patients based on
XRCC2, BCL10, RPTOR patient’s tumor specific
mutations
Schmidt et al. 29 HNSCC 15 OP 29 (I 14 (+) Plasma Allele- 31.03%/ PIK3CA (p.E545K) To determine whether Plex-
2018 10 OC v) 15 () specific Plex- 29 PCR™ technology could be used
1 HP PCR™ to detect PIK3CA p.E545K
1L technology mutation in HNSCC plasma
2 UNK samples
Galot et al. 39-HNSCC (20 22 OP 20 (IV) OP 5 Plasma Targeted 51%/(39) Custom panel of 604 To investigate the feasibility of
2020 metastatic 8 OC () sequencing genes detecting ctDNA in a
disease and 19 6 HP OP 17 prospective cohort of recurrent
with recurrent 6L ) and/or metastatic HNSCC
disease) 1 UNK patients using a tissue-agnostic
approach and evaluate the
concordance of the mutational
landscape between ctDNA and
matched tumor
Mes et al. 40 HNSCC 50C 2 10 (+) Plasma Targeted 67%/(27) Custom panel of 12 genes  To detect somatic mutations in
2020 18 OP 4(1I1) 9() sequencing (AJUBA, CASPS, tumor and corresponding
10 HP 6 (IID) 1 UNK CDKN2A, FAT1, FBXW7, plasma and to identify ctDNA
5L 28 (IV) 20 n.a. HRAS, KMT2D, NOTCH1, without prior knowledge of
2 UNK NSD1, PIK3CA, PTEN, tumor DNA aberrations
TP53)
Khandelwal 22 OPSCC 22 OP na 11 (+) Plasma Targeting 50%/(22) Accel-Amplicon 56 G To explore the potential of
et al. 2020 11 () sequencing Oncology Panel v2 (Swift ~ ctDNA for detecting tumor
Biosciences) somatic mutations and
predicting recurrence or
persistence disease
Burgener 30 HNSCC 1 PNS 40 9() Plasma Targeted 67%/(30) CAncer Personalized To conduct multimodal profiling
et al. 2021 23 0C 2D 21 n.a. sequencing Profiling by deep of mutations and methylation in
3L 5 (111) Sequencing (CAPP-seq) ctDNA of HNSCC patients
3 HP 19 (IV) using 42 frequently
recurrent genomic
alterations in HNSCC
from TCGA
Hilke et al. 20 HNSCC 14 OP n.a. 5(+) Plasma Targeted 83%/(60) 127 driver tumor To explore the capacity of
2020 4 HP 14 () sequencing mutations ctDNA to monitor the treatment
20C Ina. response during radio-
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Table 2 (continued)
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Author Cohort Location Stage HPV Type of Technique % Genes Analyzed Main objective
samples mutated
(N) cases/
(total
cases)
chemotherapy and detect the
molecular residual disease post-
treatment
Porter et al. 60 R/M 21 OP n.a 15 (+) Blood Targeted 76%/(76) Custom panel of 1021 To characterize the ctDNA
2020 HNSCC* * 12 0C 9(-) 36 sequencing genes mutational profile of advanced
8 SG (UNK) HNC and identify actionable
6L mutations
4 HP
4T
3 NP
2 UNK
Wilson et al. 75 HNSCC 28 OC 28 (I- 20 (+) Plasma Targeted 76% /(75) Guardant360™ platform Characterization of genomic
2020 22 OP 110) 33() sequencing (73 genes) landscape in ctDNA and tumor
14L 47 22 DNA of HNSCC patients and
7 HP (IVA- (UNK) assessment the prognostic
3 PNS C) impact
1 NP
Wuetal. 2021 27 HNSCC 11L 19 (I- 27 (-) Plasma Targeted 70.04%/ Custom panel of 1021 To profile the mutational
10 HP 19 sequencing 27) genes features of different HNSCC
50C 18 (III- Saliva 63%/(27) samples including tumour
1 0P V) tissues, tumor-adjacent tissue,
pre- and post-surgical ctDNA
and salivary ctDNA
Shanmugam 121 OSCC 121 OC 58 (I- UNK Saliva Targeted 95,87%/ CASP8, PIK3CA, FAT1, To detect tumor-specific
et al. 2021 ) sequencing (121) CDKN2A, NOTCH1, mutations in saliva of patients
63 (III- HRAS, TP53 with OSCC
V)
Cui et at. 11 OscC 11 OC 4D UNK Plasma Targeted 27%/(11) Custom panel of 71 genes  To examine the feasibility of
2021 7 (1II- Saliva sequencing 91%/(11) using serial liquid biopsies in
V) detecting minimal residual
disease in oral cancer patients
Flach et al. 8 HNSCC 3 0C 1 (JI-ID 8(-) Plasma Targeted 87.5%/(8) Oncomine™ Characterization of the
2022 (a) 3 OP 7 (1II- sequencing Comprehensive Assay mutational landscape in tumor,
1L v) v3Panel (161 genes) histopathologically negative
1 HP resection margins and plasma
cfDNA
Kogo et al. 26 HNSCC 50C 6 (I-I1) 22 (1) Plasma Targeted n.a./(18) TP53, PIK3CA, KMT2D, To detect ctDNA candidate
2022 3 0P 20 (11- 4 (+) sequencing FAT1, FBXW8, NOTCH3, genes and performed ctDNA
7L V) CREBBP monitoring using ddPCR
3 HP
6 EAC
Flach et al. 17 HNSCC 50C 17 (1I- 17 (=) Plasma Multiplex 100%/ RaDaR™ patient-specific =~ To determine whether post-
2022 (b) 2 0P V) PCR and a7) assay/ Personalised operative ctDNA detection can
7L targeted NGS RaDaR™ panels (from 34 act as a biomarker for surgical
4 HP to 52 variants) tumour clearance and to
1 SPT evaluate the potential of
personalised ctDNA analysis for
early detection of relapse
Rapado- 3 HNSCC 2 0C 3 (IV) 3(0) Plasma Targeted NGS 110%/(3) TruSight Tumor 170 To detect somatic mutations in
Gonzalez 1 HP panel (170 genes) tumor and cfDNA from
et al. 2022 locoregional recurrent and/or
metastatic HNSCC patients
Linetal. 2022 107 OSCC 107 OC 21 (I- n.a Plasma ddPCR 56.5%/ TP53 To evaluate the five most
m (23) frequent coding TP53 mutations
86 (III- by using cancerous tissue and
v) cfDNA in OSCC patients

Abbreviations: HNSCC, head and neck squamous cell carcinoma; cfDNA, cell-free DNA; ctDNA, circulating tumor DNA; OC, oral cavity; OP, oropharynx; L, larynx; HP,
hypopharynx; T, thyroid; SG, salivary gland; PNS, paranasal sinus; UNK, unknown; EAC, external auditory canal; NP, nasopharynx; SPT, secondary primary tumor;

PCR, polymerase chain reaction; ddPCR, droplet digital-PCR; HPV, human papilloma virus; n.a., not available.

patients suffering from metastatic (14/20) compared to locoregional
recurrent disease (6/19) (70% vs. 30%). Like Wang et al. study, TP53
(50%) was the gene most frequently mutated in the cfDNA from
HPV-negative HNC patients, followed by PIK3CA (15%). Interestingly, a
low concordance rate in a cohort of 18 HNSCC patients was observed
between ctDNA and tumor variants (19%), while in metastatic patients
the rate of solid tumor variants identified in ctDNA was 42%. Moreover,
26% of the plasma variants were not detected in the matched tumor
tissue, indicating the potential of cfDNA for providing information about
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the tumor heterogeneity and increasing the detection of actionable
mutations. In addition, multivariate analysis showed that the metastatic
status, tumor variant allele frequency, and ctDNA quantity were asso-
ciated with the likelihood of detecting tumor tissue variants in plasma
[64]. Similarly, our research group explored the potential of cfDNA for
tumor mutational profiling of HNSCC using the TruSight Tumor 170
panel (TST170). An overall concordance rate of 37.5% was found be-
tween somatic mutations identified in ctDNA and matched tumor tissue,
whereas a 62.5% of somatic variants were only detected in ctDNA. These
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findings highlight the possibility to detect somatic mutations in both
cfDNA and tumor tissue using this targeted-NGS panel [65]. Recently,
Flach et al. profiled the mutational landscape in primary and recurrent
tumor tissue throughout the correspondence between resection margins
and plasma cfDNA from 8 HNSCC patients using a targeted NGS panel of
161 genes. A total of 24 somatic variants were detected in the primary
tumor, of which 5 were also detected in the resection margins (20.8%); 9
in plasma cfDNA (37.5%); and 3 (12.5%) in both resection margin and
plasma cfDNA. Once again, TP53 was the most mutated gene in primary
tumor and in resection margins, showing the 62.5% of plasma samples
the same TP53 variants. Also, same tumor variants were detected in
plasma samples for CDKN2A (25%), NF1 (25%), NOTCH1 (12.5%), and
CDK12 (12.5%) genes, highlighting the potential clinical application of
liquid biopsy for mutational profiling during HNC management [66].

3.5. Disease monitoring

Another potential clinical application of ctDNA analysis is the pre-
diction of therapy response and monitoring of the disease. In this line,
Egyud et al. demonstrated the ability of ctDNA preceding local recur-
rence of oral cavity tumors after surgical resection using tumor-specific
profiles. However, tumor -specific mutations were detected in the post-
operative ctDNA of two patients that developed distant recurrence
which suggested different mutational profile between primary tumor
and metastatic lesions [67]. For their part, Wang et al. detected the
presence of tumor DNA in plasma and saliva before clinical manifesta-
tion of recurrence indicating the clinical value of both liquid biopsies for
treatment monitoring in HNSCC patients [59]. In this line, Cui et al.
reported the potential of using serial plasma and saliva ctDNA liquid
biopsies for detecting minimal residual disease in oral cancer patients
throughout a targeted deep sequencing panel. Interestingly, the pres-
ence of ctDNA in liquid samples increased the possibility of recurrence
in oral cancer patients, being found higher ctDNA levels in saliva than in
plasma. Moreover, the concordance rate between salivary ¢fDNA and
tumor tissue DNA was 72.7%, while the rate for plasma cfDNA was
9.1%, highlighting the value of salivary cfDNA as an early tumor
recurrence biomarker [68]. Recently, Wu et al. described that the
presence of tumor adjacent tissue-specific mutations in post-operative
plasma or saliva was indicative of disease relapse. Interestingly, they
found out that the detection of tumor-adjacent tissue-specific mutations
in addition to tumor-specific mutations in plasma and saliva after sur-
gery allowed to better predict the relapse in comparison with the only
detection of tumor-specific mutations, showing sensitivities of 75% for
plasma and 87.5% for saliva. Moreover, postoperative ctDNA or salivary
tumor DNA-positive patients was associated with a significantly shorter
disease-free survival, indicating the potential of both post-operative
liquid biopsies for predicting prognosis. Additionally, those patients
who post-surgical ctDNA or salivary tumor DNA were detected, relapse
was confirmed earlier in comparison with conventional clinical imaging
[69]. In the same line, the detection of high concentrations of mutant
cell-free mitochondrial DNA in postoperative serum samples was
observed in oral cancer patients that suffered recurrence or metastatic
disease, which indicates the potential value of cell-free mitochondrial
DNA as prognostic biomarker [70,71]. Moreover, numerous studies
have explored the potential of ctDNA for predicting therapy resistance in
HNSCC patients. Braig et al. detected RAS mutations during
Cetuximab-based treatment in ctDNA in 46% of non-responder HNSCC
patients while no RAS mutations were identified in the responder group,
indicating that acquisition of RAS mutant clones during treatment
significantly correlates with clinical resistance. Importantly, the early
detection of RAS mutations during treatment was a predictor of disease
progression demonstrating the potential of cfDNA for monitoring ther-
apy response [72]. Later, Khandelwal et al. analyzed, by the sequencing
of tumor and cfDNA, the mutational profile of responder and
non-responder oropharyngeal cancer patients using a commercially
gene panel with a limit of detection of allele frequency of 1%. After
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sequencing tumor and plasma samples of 22 oropharyngeal cancer pa-
tients (11 non-responders vs 11 responders), they identified somatic
mutations in 12 tumor and 11 plasma samples. TP53, FBXW7 and PTEN
were the genes most frequently mutated in tumor samples, while in
plasma were EGFR, TP53 and APC. Importantly, cfDNA sequencing
revealed the same tumor somatic variants of TP53, FBXW7 and CDKN2A
in 4 patients HPV-negative non-responders and one HPV-positive
responder patient, these findings suggest the potential of cfDNA for
prediction recurrence in HPV-negative patients. In addition, survival
analysis showed that HPV positive status and the detection of ctDNA
were associated with a worse overall survival [73]. Hilke et al. carried
out, for first time, a longitudinal analysis by ultra-deep sequencing of
ctDNA in 20 patients with locally advanced HNC who underwent to
radiochemotherapy. They detected ctDNA in 85% of patients, observing
that higher ctDNA levels were significantly associated with bigger tumor
volumes. Interestingly, they found a significantly negative correlation
between the tumor allele fraction in the plasma and the course of
treatment, showing a median decreasing from 1% (baseline sample) to
0.01% (6-12 weeks after treatment). In addition, the presence of mini-
mal residual disease was also evaluated, observing recurrence in the
100% of cases with detectable ctDNA after the treatment. Of note,
circulating HPV DNA showed a similar dynamic than ctDNA during
treatment monitoring, remaining undetectable after treatment, sug-
gesting its potential for diagnosis, monitoring therapy and detection
recurrence in HNC [74]. Similarly, Kogo et al. monitored ctDNA levels
based on specific tumor mutations in 18 HNSCC patients, observing that
cases with positive ctDNA levels after initial curative treatment devel-
oped clinical disease recurrence, showing a worse prognosis compared
to ctDNA negative patients [75].

Overall, the scientific evidence highlights the potential use of ctDNA
mutations for diagnosis and monitoring HNC, however, most of these
studies are retrospective and with a small cohort of study from a single
institution [47,62-64,66-68,74]. Thus, in various studies the number of
included patients was under 50 [47,64,66-68,72-75]. Further studies
with a prospective design and larger sample cohorts will allow to vali-
date the clinical use of ctDNA in HNC. Another limitation in some
studies was the lack of sequencing data from peripheral blood leuko-
cytes to explore the role of clonal hematopoiesis mutations [60,65,66].
In addition to the heterogenous nature of HNC, the different methodo-
logical design of the studies including the sample type (saliva, plasma or
serum), the collection and processing time, and the methods for cfDNA
isolation and quantification can influence the recovery of cfDNA. In the
same line, different detection thresholds for ctDNA sequencing have
been reported in the studies. Then, it is still necessary to optimize and
standardize different pre-analytical and analytical variables to reach the
clinical implementation of this biomarker for HNC management.

3.6. DNA methylation in cell-free DNA

CfDNA fragments harbor not only tumor-specific mutations in their
sequences but also tumor-specific epigenetic alterations such as DNA
methylation (Fig. 3). Abnormal DNA methylation is recognized as a
hallmark of cancer development and progression in which cancer cells
are characterized by global loss of methylation (hypomethylation), that
promotes genomic instability, and focal gain of methylation (hyper-
methylation) within the promoter region of specific-tumor suppressor
genes, that lead to transcriptional inactivation [76]. In addition, given
that DNA methylation alterations occur at early stages during carcino-
genesis and some genes seem to acquire tissue-specific DNA methylation
[76,77], its analysis using liquid biopsies based on cfDNA has emerged
as an attractive tool in HNC for early diagnosis, prognosis, and real-time
monitoring disease (Table 3).

3.7. Diagnosis and prognosis

The first study that analyzed aberrant DNA methylation in liquid
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Fig. 3. DNA methylation alterations in cell-free DNA. In normal cells, tumor suppressor genes (TSG) feature unmethylated CpG islands in their promoter regions,
which correlate with an open chromatin structure and gene expression (upper left). However, in cancer cells, there is a focal hypermethylation within the promoter
region of these genes that is correlated with a condensed, closed chromatin structure which causes transcriptional gene silencing (bottom left). Furthermore, cancer
also exhibits a widespread hypomethylation phenomenon, which contributes to genomic instability (bottom left).

biopsies in HNC was performed in 2000 by Sanchez-Cespedes et al. This
study evaluated, by methylation-specific PCR (MSP), the promoter
hypermethylation of 4 genes (p16, MGMT, GSTP1, and DAPK) in 95
HNSCC tumors, detecting aberrant methylation on the genes p16, MGMT
and DAPK in the 55% (52/95) of cases. Of the tumor methylated pa-
tients, 42% (21/50) displayed the same methylation changes in paired
serum samples, with frequencies of p16, MGMT, and DAPK promoter
hypermethylation of 36% (8/26), 48% (14/29), and 18% (3/17),
respectively. As control group, they analyzed serum samples from 25
HNC patients; aberrant methylation was not found neither in the pri-
mary tumor nor in any serum sample. Interestingly, although no asso-
ciation was found between the presence of aberrant methylation in
serum DNA and the clinicopathological variables including stage, tumor
size, node involvement, or tumor location; serum methylation was more
frequently observed in metastatic patients [78]. Along the same line,
Wong et al. examined the methylation of p15 and p16 in plasma samples
from 20 HNC and 24 healthy controls by real-time PCR. Methylation of
p16 and p15 was observed in 65% and 60% of HNC patients respectively,
whereas in healthy controls were methylated in 20% and 50%. Although
gene methylation was observed in healthy plasma, the mean concen-
tration of p16 and p15 methylated cfDNA was significantly higher in
HNC patients compared with normal controls indicating the potential
role of both markers for screening high-risk populations for early HNC
and monitoring treatment response [79]. In another study, Nakahara
et al. also examined the methylation of p16 in tumor and serum of 17
OSCC patients and eight healthy controls by MSP. Hypermethylation of
p16 was detected in 64.7% of tumors and 54.5% of paired serum sam-
ples, whereas no methylation was observed in healthy controls. Like
other authors aforementioned [78], no association was found between
serum methylation and the tumor size, presence of lymph-node
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metastasis, and histological tumor differentiation [80]. Using a more
comprehensive approach, Carvalho et al. evaluated a panel of 21 pro-
moter hypermethylation tumor-suppressor genes in serum and saliva
samples of 211 HNSCC patients and 527 normal controls by
quantitative-MSP. In serum, throughout the combination of six genes
(CCND2, TIMP3, HIC1, PGP9.5, TGFBR2, and CDH1) the sensitivities
obtained ranged from 38.6% to 81% and specificities from 92.3% to
92.5% whereas in saliva the different combinations of hypermethylated
CCNA1, DCC, DAPK, MINT31, MGMT, and p16 genes yielded to sensi-
tivities ranging from 24% to 35.1% and specificities from 90% to 97%
[81]. In the same line, Mydlarz et al. evaluated on the one hand, the
methylation levels of EDRB, DCC, and p16 genes in serum samples from
100 HNSCC and 50 healthy controls observing amplification of EDNRB
in 10% of HNSCC patients but in none of the healthy controls. Moreover,
DCC methylation was detected in two patients that also amplified
EDNRB, and in one of these patients was also observed p16 methylation.
Interestingly, in nine of these 10 patients, promoter EDNRB hyper-
methylation was detected in saliva rinses, suggesting the ability of both
liquid biopsies for reflecting the tumor methylation alterations [82].
Later, Schrock et al. analyzed the methylation status of SEPT9 and
SHOX2 in two cohorts of HNSCC and control patients. Based on the
results from the validation phase, SEPT9 and SHOX2 ccfDNA methyl-
ation levels were significantly higher in cancer patients compared to
control group, reporting the combination of both genes a diagnostic
accuracy of 0.80. Interestingly, SHOX2 and SEPT9 methylated plasma
levels were significantly correlated with tumor and nodal category, and
besides, SEPT9 and SHOX2 hypermethylation plasma levels were asso-
ciated with a higher risk of death, which indicates the clinical value of
these markers for diagnosis, molecular staging, and prognosis [83]. In
another study, de Jesus et al. quantified the methylation levels of
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Table 3
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Methylated genes detected in liquid biopsies-based on cell-free DNA on head and neck cancer patients.

Author Cohort Location Stage HPV Type of Technique  Genes % methylated Main objective
samples Analyzed cases/ (total
N) cases)
Sanchez- 95 OC (50) n.a. n.a. Serum MSP P16 31%/(26) To analyze the promoter hypermethylation
Cespedes HNSCC L(15) MGMT 48%/(29) pattern of the p16, MGMT, GSTP1, and DAPK
et al. 2000 HP (9) DAPK 18%/(17) genes in tumor and paired serum DNA samples
OP (6) from HNC patients
PS (3)
Wong et al. 73 0OC (33) n.a n.a Plasma qPCR P16 65%/(20) To evaluate and quantify p16 and p15 methylation
2003 HNSCC HP (21) P15 60%/(20) levels in plasma cfDNA samples of 20 HNSCC
L1 patients
OP (8)
Nakahara 17 0C (17) 11 (I-ID n.a. Serum MSP P16 54.5%/(17) To evaluate p16 promoter methylation in serum
et al. 2006 0scC 6 (III- for detecting recurrent OSCC
V)
Carvalho 211 n.a. n.a. n.a. Serum MSP HIC1 31.4%/(70) To evaluate aberrant promoter hypermethylation
et al. 2008 HNSCC PGP9.5 7.7%/(52) of candidate tumor suppressor genes in serum
CDH1 32.3%/(62) from HNSCC patients
CCND2 6.4%/(47)
TIMP3 10%/(50)
TGFBR2 8.1%/(37)
Mydlarz etal. 100 OP (46) 20 (I- n.a. Serum qMSP EDNRB 10%/(100) To analyze the promoter hypermethylation levels
2016 HNSCC OC (34) 1) 80 DcC 20%/(10) of EDNRB, DCC, and p16 in serum samples from
L (14 (II1-1V) P16 50%/(2) HNSCC patients
HP (2)
UNK (4)
Schrock et al. 141 OC (38) n.a n.a Plasma qPCR SEPT9 n.a. To explore the value of quantitative SEPT9 and
2017 HNSCC OP (41) SHOX2 n.a. SHOX2 methylation levels in cfDNA for the clinical
HP (17) management of HNSCC patients
L (33)
Others (9)
CUP (3)
De Vos et al. 141 0OC (38) n.a. n.a. Plasma qPCR SEPT9 n.a. To evaluate SEPT9 and SHOX2 methylation by
2017 HNSCC OP (41) SHOX2 n.a. different quantification algorithms (relative
HP (17) quantification, absolute quantification, quasi-
L(33) digital PCR) with regard to their clinical
Others (9) performance
CUP (3)
De Jests et al. 54 OP (54) 5 (I-I1) 32(-) Plasma ddPCR CCNA1 63.6%/(11) To evaluate methylation-based markers in plasma
2020 OPSCC 49 (III- 21 TIMP3 18.18%/(11) from OP patients as emerging tools for accurate/
V) +) CDH8 9.1%/(11) noninvasive follow-up
DAPK 9.1%/(11)
LY6D 45.2%/(42)
Wang et al. 202 n.a. n.a. n.a. Serum qMSP T-cadherin 30.7%/(202) To investigate the methylation status of T-cadherin
2021 0oscC in the sera of OSCC patients and correlated it with
various clinicopathological characteristics and
patient outcomes
Ishikawa 5 0SCC OC (5) n.a. n.a Plasma qMSP OPRL-1 n.a. To explore the potential utility of opioid receptor
et al. 2022 OPRM-1 gene methylation in pretreatment and

posttreatment ctDNA oral cancer samples

Abbreviations: cfDNA, cell-free DNA; ctDNA, circulating tumor DNA; HNSCC, head and neck squamous cell carcinoma; OSCC, oral squamous cell carcinoma; PS,
paranasal sinus; OC, oral cavity; OP, oropharynx; HP, hypopharynx; L, larynx; CUP, cancer of unknown primary; MSP, methylation-specific PCR; qMSP, quantitative-

MSP; droplet-digital PCR, ddPCR; qPCR, quantitative-PCR; n.a., not available.

CCNA1, CDHS8, DAPK, and TIMP3 genes in tumor and plasma samples
from oropharyngeal cancer patients in order to evaluate their diagnostic
capacity. The methylation of at least one of these genes was detected in
71% (37/52) of tumor samples, observing tumor-specific methylation
frequencies of 48.1% in CCNA1, 40.4% in DAPK, 40.4% in CDHS8, and
32.7% in TIMP3. In plasma, the methylation of these genes was detected
in 73.3% (11/15) of oropharyngeal cancer patients, whereas no meth-
ylated ctDNA was detected in healthy individuals. An overall concor-
dance of 80% was determined between tumor and plasma, and besides, a
positive correlation was found between the tumor and plasmatic ctDNA
methylation levels. Additionally, ROC analysis yielded to 73.3% sensi-
tivity and 100% specificity (AUC: 0.867), indicating the diagnostic
performance of methylated ctDNA for discriminating oropharyngeal
cancer patients from healthy controls [84]. Also, aberrant promoter
methylation of T-cadherin gene was reported in serum and tissue of
OSCC patients. Moreover, methylation of T-cadherin was associated with
advanced stage, positive lymph nodes, and tumor recurrence suggesting
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that loss of this gene by promoter methylation promotes tumor pro-
gression and lymph node metastasis through activating the
PI3BK/AKT/mTOR pathway. Furthermore, T-cadherin methylation was
reported as an independent prognostic factor for oral cancer patients
[85], which reflects its potential as prognostic biomarker. Recently,
Patel et al. characterized the cfDNA methylation profile in pre- and
post-surgery plasma samples of HNC patients, identifying by an unsu-
pervised cluster analysis 30 differentially methylated regions that
differentiated both groups. Interestingly, the top five validated differ-
entially methylated were located in the promoter region of the genes
PENK, NXPH1, ZIK1, TBXT, and CDOI. In addition, they found that the
methylation of SFRP4, SOX1, IRF4, and PCDH17 was associated with the
overall survival of HNC patients, supporting its utility as prognostic
biomarkers [86].

Taking into account the scientific evidence, different gene-specific
methylation biomarkers has been found in liquid biopsies from HNC
patients. However, the performance of these biomarkers could be
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affected by the different methodological design of each study as well as
the different preanalytical and postanalytical factors. Thus, the size of
study cohort represents one of the most frequent limitations in the in-
vestigations [80,84,86,87], so a further validation in an independent
cohort is required to validate the performance of methylation bio-
markers. Regarding the patient clinicopathological characteristics, the
TNM stage was specified in only three studies [80,82,84] whereas the
HPV status was described in one research [84]. Moreover, different
tumor anatomic locations were included in the studies [78,79,82,83]
which could complicate the comparison and evaluation of the methyl-
ation biomarkers across the investigations. Since promoter methylation
can be associated with the age, race, tobacco and alcohol consumption,
the control group must be closely matched to the patient group as we can
only observe in some investigations [81,82]. In addition, any included
studies in the present review evaluated the potential clinical perfor-
mance of these methylation biomarkers in a benign control group, which
could contribute to understand the role of these methylation markers in
the early stages of head and neck carcinogenesis. Overall, a group of
specific gene methylation markers were tested in liquid biopsies from
HNC patient’s trough different techniques which could influence the
sensitivity levels of the evaluated markers [78,79,82,84]. Further
larger-scale methylation technologies applied to liquid biopsies will
allow to discover novel methylation markers and develop novel
methylation signatures with clinical potential for HNC management.

3.8. Disease monitoring

Today, there are few studies in HNC that have reported the potential
of cfDNA methylation for predicting recurrence and monitoring disease
evolution. Nakahara et al. demonstrated the potential of serum cfDNA
methylation analysis after surgery for detecting disease recurrence at
early stage. They evaluated the methylation of p16 in serum samples
collected 2 months post-surgery treatment and at the time of recurrence,
detecting serum methylation of p16 in 3 of 4 patients at the recurrence of
the disease [80]. In another prospective study, plasma methylation
levels of SEPT9 and SHOX9 during patients follow-up were indicative of
disease progression in 92% of patients who had a first positive result
during the monitoring. In addition, plasma methylation levels above the
cutoff were found in 47% of patients with locoregional recurrence or
distant metastasis, within which in 78%, positive methylation could be
detected in plasma up to 377 days earlier with respect to clinicopatho-
logical confirmation of the tumor progression. This showed the clinical
value of both methylated plasma cfDNA markers for early detection of
recurrence or metastatic disease in HNC patients [83]. Also, the detec-
tion of high plasma cfDNA methylation levels of CCNAI gene after
treatment were related with disease recurrence, suggesting the clinical
usefulness of methylated ccfDNA for disease monitoring [84]. Recently,
Misawa et al. identified a significant association between the hyper-
methylation of ATP2A1, CALML5, DNAJC5G, GNMT, GPT, LY6D,
LYNX1, MAL, MGC16275, and MRGPREF, linked as well with the increase
of recurrence in oropharyngeal cancer patients. Further methylation
ctDNA analysis revealed that CALML5, DNAJC5G, and LY6D were
methylated in 73.8%, 45.2%, and 45.2% of tumor samples, respectively,
showing a high ability for discriminating HPV-associated oropharyngeal
patients from healthy individuals. Importantly, the serial ctDNA analysis
of 8 patients demonstrated that methylated CALML5, DNAJC5G, and
LY6D can be detected at pre-treatment samples in 100%, 87.5%, and
87.5% of cases, respectively. Then, the ctDNA methylation levels of
these markers were monitored at different time points during follow-up
which demonstrated the potential value of these methylated markers to
assess the clinical evolution of the disease in oropharyngeal cancer pa-
tients who underwent different treatments [88]. Similarly, Ishikawa
et al. observed significantly higher OPRL1 gene levels in pretreatment
samples with respect to post-treatment ctDNA samples, reflecting the
potential utility of ctDNA methylation-based detection in the clinical
management of oral cancer [87].
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3.9. Multimodal profiling in cell-free DNA

An advantage of cfDNA is the possibility of analyzing simultaneously
different genetic alterations such as somatic mutations or epigenetic
aberrations, like DNA methylation, which provides a more compre-
hensive overview of the molecular landscape of head and neck tumors.
Recently, Burgener et al. carried out a multimodal profiling of plasma
cfDNA without prior molecular characterization of the tumor in 30
HNSCC patients and 20 risk-matched healthy individuals. On the one
hand, mutational profiling of cfDNA conducted by CAncer Personalized
Profiling sequencing (CAP-seq) and matched with genomic DNA from
peripheral blood leukocytes revealed ctDNA in 20 patients and allowed
to identify 43 tumor mutations with a minor allele frequency ranging
from 0.14% to 4.83%. Importantly, plasma somatic mutations of driver
genes such as TP53, PIK3CA, FAT1, and NOTCH1 showed similar
mutational frequencies compared to head and neck tumors from The
Cancer Genome Atlas (TCGA). Moreover, mutations in non-driver can-
cer genes such as GRIN1 and MYC were also detected in plasma, which
could contribute to increasing the sensitivity of ctDNA detection. On the
other hand, cfDNA methylome profiling by cfMeDIP-seq revealed 941-
ctDNA derived hypermethylated regions enriched for CpG islands.
Moreover, most of these regions overlapped with others that were
hypermethylated in head and neck primary tumors in comparison with
the adjacent normal tissue, describing HNSCC specific methylation
patterns that indicate that many plasma hypermethylated regions are
derived from tumor hypermethylated regions. Interestingly, a decrease
in ctDNA’s fragment length in HNSCC patients was associated with
ctDNA abundance, with a significant correlation between mutation- and
methylation-based ctDNA abundance. The detection of ctDNA in base-
line plasma samples detected using both mutation- and methylation-
based methods was found to be a predictor of poor overall survival; on
the contrary, the tumor stage was not associated with survival,
demonstrating the prognostic value of multimodal c¢fDNA profiling in
cancer. In addition, the measurement of ctDNA abundance by cfMeDIP-
seq was applied for assessing the response after definitive treatment, this
approach allowed to identify patients at high risk of disease recurrence,
evidencing its clinical utility for monitoring tumors with few recurrent
or clonal mutations in serial samples [89]. In another study, Mes et al.
(2020) detected different genetic alterations in plasma cfDNA, including
copy number aberrations (CNAs) and HPV DNA, through low-coverage
whole genome sequencing in addition to somatic mutations by deep
targeted sequencing of 12 cancer driver genes (AJUBA, CASPS8,
CDKNZ2A, FAT1, FBXW7, HRAS, KMT2D, NOTCH1, NSD1, PIK3CA,
PTEN, and TP53) in a cohort of 40 HNC patients. They found CNAs and
somatic mutations from patients with known tumor mutation data in
52% (14/27) and 67% (18/27) of the plasma samples, respectively. Like
in tumor analysis, HPV was detected in plasma cfDNA on 100%
HPV-positive HNC patients. Importantly, the combined analysis of CNA,
HPV DNA, and somatic mutations in plasma cfDNA increased the ctDNA
detection rate to 78%. Moreover, a positive correlation was found be-
tween TNM stage, and the detection of CNAs or mutations found in
plasma, whereas the location of the primary tumor and HPV-status were
not associated with the detection of ctDNA [90].

4. Cell-free DNA and imaging in head and neck cancer

Liquid biopsy has showed a great potential in the era of precision
medicine due to its ability to capture the tumor genomic landscape of
the disease which can influence in the decision making for personalized
treatments in cancer. By liquid biopsy analysis is possible to track the
genomic alterations detected in ctDNA during disease evolution. CtDNA
levels correlate with the tumor volume measured by computed tomog-
raphy (CT) and positron emission tomography (PET) imaging repre-
senting an attractive and minimally invasive strategy for the
longitudinal treatment monitoring and detection of minimal residual
disease after curative intent therapy [91]. Thus, ctDNA dynamic changes
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are associated with treatment outcomes and could be predictive of
subsequent radiographic results in the disease follow-up [92]. In HNC,
several studies have demonstrated the potential of monitoring specific
somatic mutations by ctDNA analysis for predicting disease recurrence
in patients with positive ctDNA levels [59,74,75]. Also, longitudinal
monitoring of plasma circulating tumor HPV during post-treatment was
indicative of disease recurrence earlier than the routine clinical
follow-up [93]. In addition, the molecular cfHPV16 testing could com-
plement the imaging-based assessment (MRI, CT, or 18 F-FDG PET-CT)
for early identification of treatment failure in HPV-positive oropharyn-
geal cancer patients, allowing for more effective salvage therapy [94].
These results suggest that ctDNA could be complementary to radiolog-
ical assessments providing a more rapid evaluation of tumor response
than traditional imaging alone. In this line, future studies will provide
more evidence about the synergize of imaging and liquid biopsy as an
integrated approach for HNC management.

5. Application of cell-free DNA assays for cancer management

The ongoing advances in the detection and characterization of
ctDNA have allowed the design of single- and multigene assays to detect
genetic alterations in plasma cfDNA for using it as companion di-
agnostics and selecting molecular targeted therapies. In this line, various
gene specific ctDNA tests are already being used into clinical practice for
cancer management like the Cobas® EGFR mutation test V2 (Roche),
that allows to screen for EGFR mutations in plasma cfDNA from patients
with advanced- stage non-small cell lung cancer, and the Therascreen
PIK3CA RGQ PCR kit (Qiagen), that is designed to detect PIK3CA mu-
tations in tumor tissue or plasma from patients with advanced-stage
hormone receptor (HR)+ /HER2 — breast cancer [95]. Additionally,
high-throughput NGS-based multigene liquid biopsy tests have been
approved by the FDA for comprehensive ctDNA testing such as the
Guardant360 CDx (Guardant) and the FoundationOne Liquid CDx
(F1LCDx), that allows a broad cancer genotyping and the identification
of clinically actionable alterations that can guide the use of molecularly
targeted therapies in different solid tumor entities [96,97]. In HNC,
numerous assays have showed the potential clinical utility of ctDNA
testing for HNC profiling and disease monitoring as we have described in
the present review; however, any specific commercial ctDNA assay has
been designed for HNC management. Despite these advances, the
application of liquid biopsy based on ctDNA assays in HNC is in its in-
fancy and more research efforts are needed to develop and validate tests
based on ctDNA than can reliably detect and monitor this disease and
confidently incorporate them into routine clinical care.

6. Conclusion

Modern high-throughput genomic approaches have allowed liquid
biopsies-based biomarkers to gain more attention in oncology care. In
special, the study of cfDNA has proven that it is a dynamic and mini-
mally non-invasive biomarker that provides real-time molecular infor-
mation about tumor disease. Several studies have highlighted the
potential utility of ¢cfDNA analysis in HNC, mainly focusing on genetic
and epigenetic biomarkers, for tumor detection, prognosis, and therapy
monitoring of these patients. However, although liquid biopsies based
on cfDNA have demonstrated to be a powerful tool in HNC management
as we have exposed in this review, large-scale prospective studies need
to be performed to further demonstrate their clinical utility as a
biomarker for HNC which would enable a more effective and person-
alized treatment of these patients.
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