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Background: Cell-free DNA (cfDNA) can be detected in the circulation of healthy indi-
viduals, but is found in higher concentrations in cancer patients. Furthermore, mutations
in tumor cells can be identified in circulating DNA fragments. This has been the subject of
significant interest in the field of cancer research, but little has been published in thyroid
cancer.

Objectives: To assess all available evidence on the use of circulating cfDNA in the
diagnosis, management and surveillance of patients with differentiated thyroid cancer,
and collate it into a systematic review to guide future research.

Methods: A comprehensive literature search on the measurement of cfDNA in thyroid
cancer was undertaken, and results from relevant studies collated into a systematic
review.

Results: Nine studies were identified, with varying methodologies and findings. Key
techniques and findings are summarized.

Conclusion: There is limited but promising evidence that somatic mutations in thyroid
cancer can be detected in circulating cfDNA and are associated with more advanced
disease. Further research is required to develop a clinically useful tool based on cfDNA
to improve the management of thyroid cancers.

Keywords: thyroid cancer, DNA, cell-free, cell-free DNA, circulating DNA, cell-free systems

INTRODUCTION

Rationale

Differentiated thyroid cancer (DTC) accounts for around 1% of all human cancers (1), and rates of
diagnosis have been increasing in recent years, in part due to improving imaging techniques (2).
Although survival rates in DTC are very good, there remains a subset of patients in whom the cancer
behaves more aggressively and requires more aggressive management and follow-up. Distinguishing
between these patients and those with indolent DTC remains a challenge. Management of DTC
includes thyroidectomy with or without postoperative radioiodine ablation and long-term thyroid
stimulating hormone suppression (3). Surveillance of DTC patients following treatment relies in
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part on measurement of serum thyroglobulin levels. However,
25-30% of DTC patients have thyroglobulin antibodies (4),
which limit the usefulness of this test.

Cell-free DNA (cfDNA) was first described in 1948 (5). Tumor
DNA fragments are released into the circulation as a result of
necrosis and apoptosis (6), or secretion by cancer cells. Modern
polymerase chain reaction (PCR) and sequencing techniques
allow identification of nucleic acids in peripheral blood samples,
and thus represent an opportunity for the development of novel
diagnostic and surveillance tests in cancer patients. Indeed, in
other cancers, the measurement of cfDNA has been shown to be
a feasible clinical tool (7, 8).

Many somatic mutations have been described in DTC, and
some have been shown to predict more aggressive tumor behavior
(9, 10). For example, a point mutation in the BRAF gene resulting
in the substitution of valine for glutamate at codon 600 can be
identified in 24.7-74.7% of papillary thyroid cancers depending
on subtype (10). A large meta-analysis demonstrated statistically
significant correlation between BRAFV*** and tumor size, lymph
node metastasis, multifocality, extrathyroid extension, and clinical
stage (10).

Objective

With the current challenges in risk stratification and surveillance
of thyroid cancer patients, the possibility of detecting circulat-
ing tumor cfDNA represents a promising potential advance in
the management of DTC. The objective of this review was to
systematically review the current evidence on the subject of
cfDNA measurement in DTC patients.

Research Question
Can circulating cell-free tumor DNA be used to aid the diagnosis,
risk stratification, and surveillance of patients with DTC?

MATERIALS AND METHODS
Study Design and Search Strategy

A preliminary search of the Cochrane library was performed to
identify pre-existing reviews on the subject, but none was found.
A comprehensive search of the published literature was then per-
formed using Medline. Search terms and Boolean operators used
were “cell free systems” OR “cell free DNA” OR “cell free nucleic
acids” OR “cell free RNA” OR “nucleic acids” OR “circulating
DNA” AND “adenocarcinoma, papillary” OR “adenocarcinoma,
follicular”™ OR “thyroid neoplasm.” Filters were used to identify
articles concerning humans and published in the last 15 years.
No language restrictions were applied. Titles and abstracts were
screened for relevance according to a previously developed review
protocol. Reference lists were manually searched for relevant arti-
cles not identified by the initial search. Finally, a generic Internet
search engine was used to further maximize the search yield.

Participants, Interventions, Comparators

All articles concerning the measurement of cfDNA in adult thy-
roid cancer patients were considered. Studies describing the use
of cfDNA for diagnosis, prognosis, or surveillance were included.

Articles that did not include patients with DTC were excluded,
as were review articles and those with fewer than 10 subjects. No
restrictions were placed on study design, outcome measures, or
study population.

Systematic Review Protocol and Data
Extraction

Data were extracted from included studies and collated using a
pro forma in Microsoft Excel (Redmond, WA, USA). Categories
for data extraction included study design; objective for cfDNA
measurement; demographic details of subjects; tumor histology
and characteristics; method of ¢fDNA measurement; format of
results reporting and quantitative and qualitative results.

Data Analysis

Due to the heterogeneity of the data reported by different authors
and the variation in outcome measures used, statistical meta-
analysis was not possible. Therefore, following data extraction,
results were grouped and reported according to outcome measure.

RESULTS

Search Results and Study Selection

The initial Medline search as described above produced 2,680
titles. This was reduced to 1,486 titles by applying filters for
human studies published in the last 15 years. Of these, 1,483 could
be excluded based on title and abstract alone due to irrelevance
to the review objective. This left three articles for inclusion. In
addition to this, a manual search of reference lists identified five
further articles, and one further article and an unpublished thesis
were identified using Internet search engines. This resulted in nine
articles for inclusion. Figure 1 shows the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses flowchart.

Characteristics of Included Studies

The nine included studies were published between 2006 and
2017. Eight of them were peer-reviewed publications (11-18)
and one was a scientific thesis published on the Electronic
Thesis and Dissertation Repository (19). Seven studies were
prospective, and two were retrospective. There were a total of
994 patients in the combined studies, with an average of 110
(range 28-200) per study. Of these, 633 had confirmed DTC.
Three studies included healthy subjects as controls, and seven
included patients with benign thyroid disease. The studies were
heterogeneous in their aims and objectives, with some setting out
to use cfDNA measurement as a diagnostic tool, some investigat-
ing its utility as a prognostic marker, and others simply assessing
feasibility of cfDNA measurement in thyroid cancer. There was
also significant variation in the outcome measures reported, so
meta-analysis was not appropriate. General study characteristics
are represented in Table 2.

cfDNA Measurement

All studies described the extraction of ¢fDNA in detail. Five
studies used plasma samples, three used serum samples, and
one used whole blood. Following DNA extraction, the majority
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FIGURE 1 | Preferred Reporting Items for Systematic Reviews and Meta-Analyses 2009 flow diagram.

of studies used real-time PCR to identify BRAFV*E, In some
cases, this was quantitative TagMan PCR with primers for
both BRAFV®E and BRAF"" alleles, and in others, digestion of
wild type alleles was used to reduce contamination by normal
BRAF from surrounding tissues. In addition, two studies used
quantitative methylation-specific PCR to identify methylation
in target genes (14, 17). One study, by Salvianti et al., measured
the percentage of fragments of differing lengths of the APP gene
circulating in plasma, in the range of 67-180 base pairs. Using
quantitative real-time PCR, they calculated the quantity of the
longer and shorter fragments in plasma, then calculated the ratio
between the absolute concentration of the longer and shorter
fragments to give a cfDNA integrity index (18). They then meas-
ured this in thyroid cancer patients and healthy individuals to
test the hypothesis that longer strand ¢fDNA can be used as a
biomarker for tumor presence.

Three studies measured cfDNA in healthy individuals. Zane
et al. found a statistically significantly lower level of ¢fDNA in
healthy individuals compared with thyroid cancer patients
(median levels 5.14 and 22.54 ng/ml, respectively, p < 0.0001)
(17). Pupilli et al. found a statistically significantly elevated
percentage of circulating BRAFV**F mutated allele over wild type
allele in patients with Thy3 (18.7%) and Thy4 and Thy5 (27.1%)
cytology compared with healthy individuals (1.7%) (11). Salvianti
et al. found both a lower level of cfDNA in healthy individuals,
and a lower cfDNA integrity index when compared with patients
with thyroid nodules of any cytology (18).

Seven of the nine studies included patients with benign thy-
roid disease. Two of them found no circulating BRAF*F in their
benign patients (15, 19), and one was able to show a statistically
significant difference in circulating BRAFV® levels between
those with benign thyroid disease and thyroid cancer (11).
Pupilli et al. demonstrated a circulating BRAFY*"* over BRAFW'

percentage of 9.9% in patients with benign thyroid disease and
27.3% in patients with cancer (11).

Opverall six studies reported on the presence of the BRAFV®"E
cfDNA mutation in DTC patients, with a combined total of 438
affected individuals (11, 13, 15-17, 19). Circulating BRAFV¢"F
was measured by some authors pre-treatment and by others post-
treatment, and was identified in 10% of these patients overall. Of
the 302 patients in whom tumor BRAFV** was measured, 36.8%
were positive. The proportion of patients with BRAFV®*F muta-
tion in the tumor who also had circulating BRAFV%** was 16.5%.

cfDNA as a Diagnostic Tool

Pupilli et al. prospectively measured the percentage of plasma
BRAF"YT and BRAFY*® ¢fDNA in 38 patients with PTC, 16 with
benign disease, and 49 healthy individuals (11). They compared
levels of circulating BRAFV® with cytology results and with
final histology. They found that patients with Thy2 cytology had
a significantly lower percentage of BRAFV**E ¢cfDNA (8.9%) than
those with Thy4 and Thy5 cytology (27.1%). They also demon-
strated a statistically significantly elevated circulating BRAFV6"F
level in patients with PTC (23.7%) compared with those with
benign thyroid nodules (9.9%).

Hu et al. measured methylation of cfDNA, specifically
focusing on five genes: CALCA, CDH1, TIMP3, DAPK, and
RARP2 (14). They retrospectively compared methylation levels
in peripheral blood samples taken at the time of nodule assess-
ment between thyroid cancer patients and those with benign
thyroid nodules. When all five genes were considered, they
achieved a diagnostic sensitivity of 68%, and a specificity of
95%, with a preoperative diagnostic accuracy of 77%. They also
looked at a subset of patients with indeterminate cytology, and
found that none of the four patients who were eventually found
to have benign disease had positive cfDNA methylation levels,
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whereas 8 of the 11 patients (73%) who were later found to have
cancer had elevated cfDNA methylation levels. Salvianti et al.
were able to demonstrate a statistically significant difference in
cfDNA integrity index between those with Thy2 nodules and
those with Thy 3 and Thy4/5 nodules (0.67, 0.83, 1.02, respec-
tively, p < 0.001) (18).

cfDNA as a Marker of Advanced

Disease

Several of the studies investigated the potential usefulness
of c¢fDNA measurement in the identification of patients with
advanced locoregional or metastatic disease. Kim et al. were
only able to identify BRAFVF ¢fDNA in 3 of 72 PTC patients,
but all three of them had lateral neck node metastasis and
lung metastasis (15). They therefore postulated that circulat-
ing BRAFY* might have a role in predicting lung metastasis.
Patel investigated the role of circulating BRAFV*F in predicting
stage of disease in a sample of six patients, but found no sta-
tistically significant association between detectable BRAFY®"F
cfDNA and primary tumor T classification, nodal metastasis, or
extrathyroidal extension (19). Similar methods of DNA extrac-
tion were used by both authors, which suggest a statistical cause
for divergent results.

cfDNA as a Marker for Monitoring of

Disease Recurrence

Four studies examined the feasibility of the use of cfDNA for
monitoring of disease recurrence in thyroid cancer patients.
Hu et al. retrospectively measured cfDNA methylation levels
of a five-gene panel at post-treatment visits in patients being
followed up after treatment for DTC. They correctly identi-
fied 70% of those with proven recurrence by gold standard
techniques including radioiodine body scan, tissue biopsy and
stimulated thyroglobulin, and 79% of those with no evidence
of recurrence (14). Pupilli et al. found a statistically significant
drop in BRAFY*F ¢fDNA levels following treatment, with 71%
of patients who were preoperatively positive for circulating
BRAFV®® becoming negative following treatment (12). They
suggest that it could be a useful tool in surveillance post-
treatment, but warned that further research is required. Cradic
et al. found that patients with detectable circulating BRAFY6?F
following treatment had a relative risk of 2.55 (p < 0.04) of
having recurrent disease at the time of blood draw compared
with those with only BRAFY" detected in peripheral blood
(13). Salvianti et al. measured plasma cfDNA integrity index
in 17 patients 3-6 months following surgery with or without
radioiodine ablation, and found a lower index post treatment
(0.57) than before treatment (0.87, p = 0.35) (18).

Risk of Bias and Quality Assessment

All studies were assessed for quality and risk of bias according
to the modified Quality Assessment of Diagnostic Accuracy
Studies checklist (20) (Table 1). All papers were deemed to have
a low overall risk of bias, however, only one explicitly described
consecutive patient recruitment, and only three described a pre-
specified threshold for a positive result.

TABLE 1 | Quality Assessment of Diagnostic Accuracy Studies-2 checklist
[adapted from Whiting et al. (20)].

Domain 1: Patient Selection

Was a consecutive or random sample of patients enrolled? (Yes/No/Unclear)
Was a case-control design avoided? (Yes/No/Unclear)

Did the study avoid inappropriate exclusions? (Yes/No/Unclear)

Could the selection of patients have introduced bias? Risk:
Low/High/Unclear

Domain 2: Index Test(s) (complete for each index test used)

Were the index test results interpreted without knowledge of the reference
standard? (Yes/No/Unclear)

If a threshold was used, was it pre-specified? (Yes/No/Unclear)

Could the conduct or interpretation of the index test have introduced bias? Risk:
Low/High/Unclear

Domain 3: Reference Standard

Is the reference standard likely to correctly classify the target condition? (Yes/No/
Unclear)

Were the reference standard results interpreted without knowledge without
knowledge of the results of the index test? (Yes/No/Unclear)

Could the reference standard, its conduct, or its interpretation have introduced
bias? Risk: Low/High/Unclear

Domain 4: Flow and Timing

Was there an appropriate interval between index test(s) and reference standard?
(Yes/No/Unclear)

Did all patients receive a reference standard? (Yes/No/Unclear)

Did all patients receive the same reference standard? (Yes/No/Unclear)

Were all patients included in the analysis? (Yes/No/Unclear)

Could the patient flow have introduced bias? Risk: Low/High/Unclear

DISCUSSION

Summary of Main Findings

This review highlights the potential usefulness of cfDNA in
thyroid cancer patients, and therefore justifies further research
given the relative lack of evidence compared with other cancers.
There has been significant interest in cfDNA in other cancers over
the last 20 years, and it has been studied in breast, colorectal,
pancreatic, and ovarian cancers, as well as brain tumors and
melanoma (8, 21-25).

The vast majority of the existing evidence relates to the
measurement of BRAFY*F ¢fDNA. This is understandable as
BRAFY® js the commonest and most investigated somatic
mutation in DTC (26), and would therefore be a useful marker if
it could be reliably detected in the circulation.

The BRAFY®E mutation has been investigated in a number
of human cancers, and while it is most commonly expressed in
melanoma and thyroid cancer, circulating BRAFY®E has also
been found to be detectable in lung cancers (27). There is some
evidence that the BRAFV*F mutation in thyroid cancer is associ-
ated with more advanced disease, with increased likelihood of
nodal and distant metastasis (28, 29).

While the majority of research in thyroid cancer ¢fDNA has
focused on PCR identification of specific point mutations in
circulating DNA, two studies have measured methylation of
specific genes in cfDNA. Methylation is argued to be a more
reliable marker due to its relative stability in ¢fDNA compared
with point mutations, and the fact that there are a wide variety of
mutations implicated in each cancer type, each with a relatively
low frequency (30).
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TABLE 2 | General study characteristics.

Reference Year of Study design No. of cfDNA measurement Key findings
publication patients
Pupilli et al. (11) 2013 Prospective 103 Plasma cfDNA BRAFV60E Percentage of BRAFV®E significantly higher in
those with PTC. Significant drop after treatment
Chuang et al. (12) 2010 Prospective 28 Serum cfDNA BRAFVE0E Of those with tumor BRAFY6%E, 60% also had
detectable cfDNA BRAFY6008
Cradic et al. (13) 2009 Prospective 193 Circulating BRAFY600E BRAFY6%°E detected in blood of 11.6% of DTC
patients and correlated with active disease
Hu et al. (14) 2006 Retrospective 92 Serum cfDNA methylation various genes  cfDNA methylation of p-actin, CALCA, CDH1,
TIMP3, DAPK, RARB2 in 95% DTC with 96% PPV
Kim et al. (15) 2015 Retrospective 77 Plasma cfDNA BRAFV60E cfDNA BRAFYE mutation only identified in 4.2%
of PTC patients, but all of these had lung metastasis
Kwak et al. (16) 2013 Prospective 94 Serum cfDNA BRAFVE00E Unable to identify BRAFY®F mutation in the serum
of any individual with PTC
Zane et al. (17) 2013 Prospective 200 Plasma cfDNA BRAFY%F and methylation  Higher levels of cfDNA in DTC patients, but unable
of SLC5A8 and SLC26A4 to isolate BRAFYSF in circulation in any patients
Salvianti et al. (18) 2017 Prospective 146 Plasma cfDNA and APP gene integrity Correlation between cfDNA integrity index and cytological
index evidence of thyroid cancer. Reduction in integrity
index following treatment
Patel (19) 2015 Prospective 61 Plasma cfDNA BRAFVE0E cfDNA BRAFY®E in 23% of those with PTC and none

of those with benign nodules. Levels fell post-treatment

PTC, papillary thyroid carcinoma; DTC, differentiated thyroid carcinoma; PPV, positive predictive value; cfDNA, cell-free DNA.

Of the studies that reported overall detection rates of BRAFV®"E
in circulating cfDNA, the average detection rate in patients with
DTC was 10%. This increased to 19.3% when patients with non-
BRAFY*"E tumors were excluded. These relatively low levels may
be due to the fact that tumors of all stages were included, and
shedding of tumor DNA into the circulation is likely to occur at
low levels in early stage disease and therefore may not be detect-
able with current techniques. The most promising evidence for
the potential use of cfDNA as a diagnostic tool in thyroid cancer
comes from Pupilli et al., who demonstrated a significantly higher
proportion of BRAFV*! ¢fDNA in patients with PTC than those
with benign nodules, and a higher proportion in those with suspi-
cious cytology than those with benign cytology (11). They suggest
that the use of assay reagents with inadequate sensitivity could
explain the variation in detection rates amongst other researchers.
Their findings point to the feasibility of the developing a tool
to help distinguish between benign and malignant nodules in
patients with indeterminate cytology, or those with large nodules
in whom a representative cytology sample is difficult.

It has been shown in other cancers that cfDNA levels correlate
with stage of disease, and the rate of release into the circula-
tion of cfDNA corresponds to primary tumor size (31, 32). In
fact, one study has suggested that BRAFV®* ¢fDNA levels are
associated with nodal and distant metastasis in PTC (15), and a
meta-analysis has demonstrated advanced clinical stage associ-
ated with BRAFY™E mutation (10). This raises the potential of
a peripheral detection of BRAFY®" as a non-invasive marker of
aggressive disease. cfDNA also represents a promising target for
the development of new methods of detecting disease recurrence
following treatment. Currently, surveillance depends on ultra-
sonography of the neck, and serial thyroglobulin measurement,

which is hindered by the presence of antibodies in 25-30% of
patients (4). Researchers studying other cancers have demon-
strated that a drop in the level of total cfDNA during treatment
can predict response to therapy (21), and this was also the case in
the study that measured pre- and post-treatment levels in thyroid
cancer (11).

Limitations

Although cfDNA research is a rapidly evolving field, there is
still a limited amount of evidence available relating to its use
in thyroid cancer. The small number of published studies is a
significant limitation on the ability of this systematic review to
answer the research question.

There is also difficulty in comparing findings of studies on
cfDNA in general due to various methods of DNA isolation and
detection, and results reporting, which is also the case when
considering the evidence in thyroid cancer. The use of serum and
plasma measurements are described, and some authors report
percentage of patients with detectable levels, some report quanti-
tative levels and others report ratio of mutant to wild type alleles.

The majority of research to date has focused on the detection
of one specific mutation in cfDNA—BRAFY!, While BRAF is
the most commonly mutated gene in sporadic PTC, with a rate of
18-87% (33, 34), The Cancer Genome Atlas project has shown the
genomic landscape of PTC to be much more complex, with a num-
ber of significantly mutated genes (35). While the use of cfDNA for
post-treatment surveillance has the advantage of the availability
of somatic mutations in the resected tumor, if it were to become
a sensitive diagnostic tool, expanded panels of genetic mutations
would need to be detected to avoid false negatives in BRAF nega-
tive caners. Furthermore, there has been significant variation in the
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reported rates of detection of cfDNA in thyroid cancer patients.
This could be due to differences in tumor expression of BRAFV¢"®
in different populations, differences in ability to detect cfDNA
with different techniques, or non-representative study popula-
tions skewed by over-representation of early or advanced tumors.
Further improvements and standardization in methodology are
also needed. The use of a cfDNA integrity index as described by
Salvianti et al. (18), which qualitatively evaluates cfDNA as well
as measuring absolute concentrations, may prove to be a valuable
addition to other biomarkers using cfDNA in thyroid cancer.

Conclusion

Cell-free DNA measurement is an area of particular interest in
the field of thyroid cancer management due to the current dif-
ficulties in diagnosis, identification of high-risk patients, and
post-treatment surveillance. Early findings, although heteroge-
neous, provide promising insights and certainly warrant further
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likely to improve progress toward the ultimate goal of a clinically
useful test.

AUTHOR CONTRIBUTIONS

HM and NS conceived the study. JF devised and performed the
search strategy. All authors were involved in preparation and
approval of the final manuscript.

ACKNOWLEDGMENTS

This work was kindly supported by academic grants from the
National Institute of Health Research’s Health Technology
Assessment Unit and from Cancer Research UK.

15. Kim BH, Kim IJ, Lee BJ, Lee JC, Kim IS, Kim §]J, et al. Detection of plasma
BRAF(V600E) mutation is associated with lung metastasis in papillary thyroid
carcinomas. Yonsei Med J (2015) 56(3):634-40. doi:10.3349/ymj.2015.56.3.634

16. Kwak JY, Jeong JJ, Kang SW, Park S, Choi JR, Park SJ, et al. Study of peripheral
BRAF(V600E) mutation as a possible novel marker for papillary thyroid
carcinomas. Head Neck (2013) 35(11):1630-3. doi:10.1002/hed.23195

17. Zane M, Agostini M, Enzo MV, Casal Ide E, Del Bianco P, Torresan F
et al. Circulating cell-free DNA, SLC5A8 and SLC26A4 hypermethylation,
BRAF(V600E): a non-invasive tool panel for early detection of thyroid cancer.
Biomed Pharmacother (2013) 67(8):723-30. doi:10.1016/j.biopha.2013.06.007

18. Salvianti E Giuliani C, Petrone L, Mancini I, Vezzosi V, Pupilli C, et al.
Integrity and quantity of total cell-free DNA in the diagnosis of thyroid cancer:
correlation with cytological classification. Int | Mol Sci (2017) 18(7):1350.
doi:10.3390/ijms18071350

19. Patel KB. Detection of Circulating Thyroid Tumor DNA in Patients with Thyroid
Nodules. 2015 Electronic Thesis and Dissertation Repository. Paper 3644x (2015).

20. Whiting PF, Rutjes AW, Westwood ME, Mallett S, Deeks JJ, Reitsma JB, et al.
QUADAS-2: a revised tool for the quality assessment of diagnostic accuracy
studies. Ann Intern Med (2011) 155(8):529-36. d0i:10.7326/0003-4819-155-
8-201110180-00009

21. Tie],KindeI, WangY, Wong HL, Roebert J, Christie M, et al. Circulating tumor
DNA as an early marker of therapeutic response in patients with metastatic
colorectal cancer. Ann Oncol (2015) 26:1715-22. d0i:10.1093/annonc/mdv177

22. Pietrasz D, Pécuchet N, Garlan E, Didelot A, Dubreuil O, Doat S, et al. Plasma
circulating tumor DNA in pancreatic cancer patients is a prognostic marker.
Clin Cancer Res (2017) 23(1):116-23. doi:10.1158/1078-0432.CCR-16-0806

23. Zhou Q, Li W, Leng B, Zheng W, He Z, Zuo M, et al. Circulating cell free
DNA as the diagnostic marker for ovarian cancer: a systematic review and
meta-analysis. PLoS One (2016) 11(6):0155495. doi:10.1371/journal.
pone.0155495

24. Lavon I, Refael M, Zelikovitch B, Shalom E, Siegal T. Serum DNA can define
tumour-specific genetic and epigenetic markers in gliomas of various grades.
Neuro Oncol (2010) 12(2):173-80. doi:10.1093/neuonc/nop041

25. Panka DJ, Buchbinder E, Giobbie-Hurder A, Schalck AP, Montasser-Kouhsari
L, Sepehr A, et al. Clinical utility of a blood-based BRAF'*"* mutation assay
in melanoma. Mol Cancer Ther (2014) 13(12):3210-8. d0i:10.1158/1535-7163.
MCT-14-0349

26. Nikiforova MN, Nikiforov YE. Molecular genetics of thyroid cancer: impli-
cations for diagnosis, treatment and prognosis. Expert Rev Mol Diagn (2008)
8:83-95. d0i:10.1586/14737159.8.1.83

27. Yang Y, Shen X, Li R, Shen J, Zhang H, Yu L, et al. The detection and signif-
icance of EGFR and BRAF in cell-free DNA of peripheral blood in NSCLC.
Oncotarget (2017) 8(30):49773-82. doi:10.18632/oncotarget.17937

28. Xing M, Westra WH, Tufano RP, Cohen Y, Rosenbaum E, Rhoden K]J, et al.
BRAF mutation predicts a poorer clinical prognosis for papillary thyroid
cancer. ] Clin Endocrinol Metab (2005) 90:6373-9. doi:10.1210/jc.2005-0987

Frontiers in Oncology | www.frontiersin.org

April 2018 | Volume 8 | Article 132


https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive
http://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/thyroid-cancer#heading-Zero
http://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/thyroid-cancer#heading-Zero
http://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/thyroid-cancer#heading-Zero
https://doi.org/10.1136/bmj.f4706
https://doi.org/10.1111/cen.12515
https://doi.org/10.1210/jc.2011-1740
https://doi.org/10.1038/nrc3066
https://doi.org/10.1158/1078-0432.CCR-06-2120
https://doi.org/10.1056/NEJMoa1213261
https://doi.org/10.1210/er.2007-0007
https://doi.org/10.1210/er.2007-0007
https://doi.org/10.1210/jc.2012-2104
https://doi.org/10.1210/jc.2013-1072
https://doi.org/10.1210/jc.2013-1072
https://doi.org/10.1002/hed.21178
https://doi.org/10.1210/jc.2009-1349
https://doi.org/10.1210/jc.2005-1810
https://doi.org/10.1210/jc.2005-1810
https://doi.org/10.3349/ymj.2015.56.3.634
https://doi.org/10.1002/hed.23195
https://doi.org/10.1016/j.biopha.2013.06.007
https://doi.org/10.3390/ijms18071350
https://doi.org/10.7326/0003-4819-155-8-201110180-00009
https://doi.org/10.7326/0003-4819-155-8-201110180-00009
https://doi.org/10.1093/annonc/mdv177
https://doi.org/10.1158/1078-0432.CCR-16-0806
https://doi.org/10.1371/journal.pone.0155495
https://doi.org/10.1371/journal.pone.0155495
https://doi.org/10.1093/neuonc/nop041
https://doi.org/10.1158/1535-7163.MCT-14-0349
https://doi.org/10.1158/1535-7163.MCT-14-0349
https://doi.org/10.1586/14737159.8.1.83
https://doi.org/10.18632/oncotarget.17937
https://doi.org/10.1210/jc.2005-
0987

Fussey et al.

cfDNA in DTC

29.

30.

31.

32.

33.

Tufano RP, Teiceira GV, Bishop ], Carson KA, Xing M. BRAF mutation in
papillary thyroid cancer and its value in tailoring initial treatment: a system-
atic review and meta-analysis. Medicine (Baltimore) (2012) 91(5):274-86.
doi:10.1097/MD.0b013e31826a9¢71

Warton K, Samimi G. Methylation of cell-free circulating DNA in the diag-
nosis of cancer. Fron Mol Biosci (2015) 2:13. doi:10.3389/fmolb.2015.00013
Catarino R, Ferreira MM, Rodrigues H, Coelho A, Nogal A, Sousa A, et al.
Quantification of free circulating tumor DNA as a diagnostic marker for
breast cancer. DNA Cell Biol (2008) 27(8):415-21. doi:10.1089/dna.2008.
0744

Bettegowda C, Sausen M, Leary RJ, Kinde I, Wang Y, Agrawal N, et al.
Detection of circulating tumor DNA in early- and late-stage human
malignancies. Sci Transl Med (2014) 6:224ra24. doi:10.1126/scitranslmed.
3007094

Trovisco V, Soares P, Sobrinho-Simoes M. B-RAF mutations in the etiopatho-
genesis, diagnosis, and prognosis of thyroid carcinomas. Hum Pathol (2006)
37:781-6. doi:10.1016/j.humpath.2006.03.013

34.

35.

Xu X, Quiros RM, Gattuso P, Ain KB, Prinz RA. High prevalence of BRAF
gene mutation in papillary thyroid carcinomas and thyroid tumor cell lines.
Cancer Res (2003) 63(15):4561-7.

Agrawal N, Akbani R, Aksoy A, Ally A, Arachchi H, Asa SL, et al. Integrated
genomic characterization of papillary thyroid carcinoma. Cell (2014) 159(3):
676-90. doi:10.1016/j.cell.2014.09.050

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2018 Fussey, Bryant, Batis, Spruce, Hartley, Good, McCabe, Boelaert,
Sharma and Mehanna. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction
is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

April 2018 | Volume 8 | Article 132


https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive
https://doi.org/10.1097/MD.0b013e31826a9c71
https://doi.org/10.3389/fmolb.2015.00013
https://doi.org/10.1089/dna.2008.
0744
https://doi.org/10.1089/dna.2008.
0744
https://doi.org/10.1126/scitranslmed.
3007094
https://doi.org/10.1126/scitranslmed.
3007094
https://doi.org/10.1016/j.humpath.2006.03.013
https://doi.org/10.1016/j.cell.2014.09.050
https://creativecommons.org/licenses/by/4.0/

	The Clinical Utility of Cell-Free DNA Measurement in Differentiated Thyroid Cancer: A Systematic Review
	Introduction
	Rationale
	Objective
	Research Question

	Materials and Methods
	Study Design and Search Strategy
	Participants, Interventions, Comparators
	Systematic Review Protocol and Data Extraction
	Data Analysis

	Results
	Search Results and Study Selection
	Characteristics of Included Studies
	cfDNA Measurement
	cfDNA as a Diagnostic Tool
	cfDNA as a Marker of Advanced Disease
	cfDNA as a Marker for Monitoring of Disease Recurrence
	Risk of Bias and Quality Assessment

	Discussion
	Summary of Main Findings
	Limitations
	Conclusion

	Author Contributions
	Acknowledgments
	References


