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Detection of ctDNA in the plasma of patients
with papillary thyroid carcinoma
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Abstract. A total of 15-30% of thyroid nodules that are evalu-
ated by fine-needle aspiration are not clearly determined to be
benign or malignant. Gene mutation analysis is recommended
for the evaluation of thyroid nodules using clinical guidelines.
The detection of circulating tumor DNA (ctDNA) has the
potential to aid in the screening, diagnosis and prediction
of thyroid cancer prognosis, and can be used when tissues
are difficult to obtain. In the present study, whole-exome
sequencing (WES) was performed on tumors and matched
normal tissues from 10 patients with papillary thyroid carci-
noma (PTC) in Quanzhou, China. Hotspot mutations in tumor
DNA and cell-free DNA were identified in the validation
cohort, which included 59 patients with PTC. BRAF V600E
occurred in five samples, and was the most frequent muta-
tion observed. Variation allele frequency (VAF) of BRAF
V600E detected by WES was positively correlated with
VAF determined using digital PCR (R?*=0.9197; P=0.0099).
A number of novel mutated genes were identified, including
zinc finger protein 717, pleckstrin homology like domain
family A member 1, RBMX like 3, lysine methyltransferase
5A and trichohyalin, along with the reported genes BRAF,
NRAS and mucin 16, cell surface associated. Somatic
mutated genes were enriched in the ‘focal adhesion’ pathway,
as determined by Kyoto Encyclopedia of Genes and Genomes
or Gene Ontology analysis. In the validation cohort, 44.07%
of tumors were BRAF V600E-positive, and the sensitivity and
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specificity of BRAF V600E ctDNA were 61.54 and 90.91%,
respectively. BRAF V600E was associated with aggressive
tumor factors, including lymph node metastasis (P=0.001)
and advanced disease stage (P=0.009). The present study
investigated the accuracy of ctDNA detection in patients with
PTC, and provided evidence that ctDNA can be used as an
evaluation of tumor DNA in thyroid nodules.

Introduction

Thyroid cancer (TC) is a common malignancy of the endo-
crine system. According to the pathological types, >80% of
TC is papillary thyroid carcinoma (PTC) (1). A total of 15-30%
thyroid nodules evaluated using fine-needle aspiration (FNA)
are not clearly benign or malignant (2). Genomic alterations
have been fully interpreted by studies in recent years. The
Cancer Genome Atlas (TCGA) Research Network performed
the largest cohort study of PTC, and created a comprehensive
multiplatform analysis (3). A previous study by Ye er al (4)
drew the genetic landscape of benign thyroid nodules and
thyroid cancer, and suggested that PTC and benign nodules
have independent origins (4).

BRAF V600E is the most common mutation observed in
PTC (3), and was recommended for the evaluation of thyroid
nodules by the NCCN Guidelines of Thyroid Carcinoma (5).
However, tumor tissue DNA sequencing has limitations. Tumors
are heterogeneous, and the results of sequencing of a tumor
section do not represent the whole tumor (6). Additionally, a
surplus of tissues following FNA cytology is difficult to obtain,
or the amount obtained may not be sufficient for sequencing to be
performed. Circulating tumor DNA (ctDNA) is the cell-free frag-
ment of DNA, which is released into the bloodstream by tumor
cells, and the ctDNA load is associated with tumor staging and
prognosis (7). Therefore, the detection of these known somatic
gene mutations in tumors and the corresponding plasma has
the potential to aid in the diagnosis of thyroid tumors. Previous
studies have confirmed that there is controversy regarding ctDNA
detection in patients with thyroid tumors. Although some studies
have clarified the clinical significance of ctDNA (8-10), others
have raised the issue that the analysis of ctDNA cannot improve
the clinical management of patients with thyroid carcinoma, due
to plasma ctDNA being undetectable (11,12).
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In the present study, whole-exome sequencing (WES)
was performed on tumor and matched normal tissues from
10 patients with PTC from Quanzhou, China, and a genomic
alteration profile was created. The validation cohort, including
59 patients with PTC, was recruited to detect hotspot mutations
in tumor DNA and cell-free DNA using QuantStudio™ 3D
digital PCR. The accuracy of ctDNA detection was analyzed
according to the sequencing results of the tumor DNA.

Materials and methods

Patients and samples. A total of 59 patients (Fig. 1) with
PTC were recruited from Quanzhou First Hospital Affiliated
to Fujian Medical University (Quanzhou, China) between
August 2017 and June 2018. None of them had received
therapeutic procedures such as chemotherapy. For 10 of the
59 patients, tumor and matched normal tissues from these
patients were sampled during surgery, stored at -80°C then
subjected to WES (Table I). The matched normal tissues were
collected which were at least 3 cm distance from cancer-foci.
Tumor tissue and plasma were collected from all 59 patients,
whose clinical characteristics are presented in Table II. The
TMN Classification of Malignant Tumors (TNM) staging
refers to AJCC Cancer Staging Manual Eighth Edition (13).
All surgical specimens were pathologically diagnosed as
PTC, and patients with other malignant tumors were excluded.
Fresh tissues for WES were snap-frozen in liquid nitrogen
immediately following surgical resection and subsequently
stored at -80°C. Tumor tissues for PCR, from 49 patients,
were formalin-fixed and paraffin embedded (FFPE) and
collected from the pathology department following surgery.
Tissues were fixed in 10% neutral formalin overnight at room
temperature before embedding in paraffin. Prior to surgery,
10 ml peripheral blood was collected in a Cell-Free DNA BCT
blood collection tube (Streck, Inc.), and the plasma was sepa-
rated immediately and subjected to 800 x g centrifugation for
10 min at 4°C and a 2500 x g centrifugation for 10 min at 4°C.

DNA extraction. Genomic DNA (gDNA) from fresh tissues
was extracted using a Hipure Tissue DNA Mini kit (Magen).
gDNA was extracted from FFPE tissues using a GeneRead
DNA FFPE kit (Qiagen China Co., Ltd.) and plasma cfDNA
was extracted using a HiPure Circulating DNA Midi kit
(Pharmaceutical Product Development, Inc.), according to the
manufacturers' protocols. The quantity and purity of gDNA
were assessed using a Qubit® 3.0 Fluorometer (Invitrogen;
Thermo Fisher Scientific, Inc.) and a NanoDrop ND-1000
device (Thermo Fisher Scientific, Inc.).

WES. A total of 300 ng of each gDNA sample, based on the
Qubit quantification, were mechanically fragmented (duty
factor 10%; peak incident power 175 W; cycles per burst 150;
treatment time 150 sec; bath temperature 4-8°C) on a Covaris
E220 focused ultrasonicator (Covaris, Inc.). Sheared gDNA
(200 ng) was used to perform the end repairs, and A-tailing
and adapter ligation was performed with KAPA Hyper Prep
kit (cat. no. KK8504; Kapa Biosystems, Inc.), according to
the manufacturer's protocol. Libraries were then captured
using Agilent SureSelect Human All Exon (version 6; Agilent
Technologies, Inc.) probes, and subsequently amplified.
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Libraries were sequenced using an Illumina HiSeq 2500 plat-
form (Illumina, Inc.) on high output mode, and 2x150 cycles
were performed using TruSeq SBS chemistry (version 3;
Illumina, Inc.).

Bioinformatics analysis. Clean data were obtained from
filtering out the adapter, low-quality reads and reads with a
proportion >10%. Reads were aligned to the reference human
genome (UCSC hgl9; http:/genome.ucsc.edu/) using the
Burrows-Wheeler Aligner (version 0.7.12) (14). Local realign-
ment, PCR duplicate marking, base-quality recalibration,
and calculation of coverage metrics were performed using
GATK v.3.2 (15) and Picard tools (http://broadinstitute.github.
io/picard/).

Somatic single-nucleotide variants and InDels of tumors
compared with matched normal tissues were annotated using
MuTect software (version 1.1.4) (16). The mutations with
variant allele frequencies >1% were filtered and the variants in
non-coding regions and synonymous variants were excluded
from analysis. Gene ontology (GO; http://www.geneontology.
org/) and Kyoto Encyclopedia of Genes and Genomes (KEGG;
https://www.kegg.jp/) enrichment analyses were performed in
order to investigate the biological importance of the somatic
mutated genes using ClusterProfiler (17) in R software
(version 3.5.1) (18).

Hotspot mutations detected by QuantStudio™ 3D digital
PCR. BRAF V600E and NRAS p.Q61R were detected
using QuantStudio™ 3D Digital PCR Master Mix v2 (cat.
no. A26358) in a QuantStudio™ 3D digital PCR system (both
Thermo Fisher Scientific, Inc.). The primer sequences of BRAF
V600E were as follows: Forward, 5'-CTACTGTTTTCCTTT
ACTTACTACACCTCAGA-3' and reverse, 5-ATCCAGACA
ACTGTTCAAACTGATG-3'. The primer sequences of NRAS
p-Q61R were as follows: Forward, 5'-CACACCCCCAGGATT
CTTACA-3"and reverse, 5S"-TGTATTGGTCTCTCATGGCAC
TGT-3". A solution containing 20 ul PCR reaction solution was
prepared. The QuantStudio™ 3D Digital PCR 20 K Chip kit
v2 (cat. no. A26316; Thermo Fisher Scientific, Inc.) was used
to prepare the PCR reaction with 14.5 ul sealed sample oil,
which was then placed in the sample slot of the PreFlex PCR
system for PCR amplification. Procedures were performed at
95°C for 10 min; 98°C for 30 sec; and 60°C for 2 min, for a
total of 45 cycles. The amplified chip was placed in the chip
analyzer to read the data, and the QuantStudio™ 3D Analysis
Suite software was used to quantify the number of mutations
in the samples from the collected data in the QuantStudio™
3D Digital PCR System.

Statistical analysis. Statistical analysis was performed using
SPSS software (version 19.0; IBM Corp.). Differences in
distributions between the clinicopathological characteristics
and molecular status were assessed using a x> or Fisher's exact
test, as appropriate. Linear regression analysis was performed
and graphical plots were generated using GraphPad Prism
software (version 6.0; GraphPad Software, Inc.), OriginPro 8.1
(OriginLab, Corp.) and R. The OncoPrint function of
ComplexHeatmap package (19) in R was used to visualize
genomic alterations. P<0.05 was considered to indicate a
statistically significant difference.
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Table I. Clinical characteristics and whole-exome sequencing quality control of patients with papillary thyroid carcinoma.

Age, Tumor sequencing Normal sequencing TMB BRAF

Case no. years Sex  Multifocality TNM stage depth (x) depth (x) (mutations/Mb)  V600E

1 40  Female Yes T1aNOMO 187.32 99.89 0.29 -

2 29  Female No T1aNOMO 179.27 98.48 0.35 -

3 43  Female No T1aNOMO 169.37 86.95 0.38 -

4 65 Male Yes T1aNOMO 82.39 56.64 0.29 -

5 38  Female Yes T1aN1aMO 67.98 31.87 0.16 -

6 45  Female No T1aN1aMO 159.76 39.63 1.35 +

7 34  Female No T1aN1aMO 17448 47.25 1.06 +

8 37  Female No T1aN1aMO 81.04 46.23 0.32 +

9 29  Female No T1aN1aMO 133.27 37.27 1.07 +
10 55 Male No T1aN1aMO 150.61 79.92 0.38 +
TNM, Tumor-Node-Metastasis; TMB, tumor mutation burden.
Table II. Clinical characteristics of the validation cohort, and association with BRAF V60O0E status in tumors.

BRAF V600E in tumors

Clinical characteristic No. patients Positive (n=26) Negative (n=33) P-value
Age (median, range) 41 (22-65) 39 (22-64) 41 (22-65) 0.283
Sex

Male (%) 17 (28.81%) 7 10 0.078

Female (%) 42 (71.19%) 19 23
Tumor size, cm; median (range) 1.8(0.2-54) 1.7 (0.2-4.6) 23(0.6-54) 0.658
LNM

Positive (%) 20 (33.90) 15 5 0.001°

Negative (%) 39 (66.10) 11 28
Capsule invasion

Positive (%) 20 (33.90) 11 9 0.226

Negative (%) 39 (66.10) 15 24
Stage

I+11 (%) 38 (64.41) 12 26 0.009°

MI+IV (%) 21 (35.59) 14 7

"P<0.01; °P<0.001. LNM, lymph node metastasis.

Results

Clinical characteristics and whole-exome sequencing data.
The clinical characteristics of the WES cohort and all patients
with PTC are presented in Tables I and II, respectively. The
median patient age was 41 years (range, 22-65 years). Of the
59 patients with PTC, 42 were female, and the remaining
17 were male. Tumors of 20 (33.90%) patients exhibited lymph
node metastasis (LNM), and capsule invasion also occurred in
20 (33.90%) tumors.

For the sequencing depth of 10 patients with PTC, WES
achieved an average of 138.55x coverage of tumor genomes
and 62.41x coverage of the germline genomes (Table I). The
average tumor mutation burden was 0.565 (range, 0.29-1.35)

mutations/Mb. PTC presents a low frequency of somatic
alterations compared with other types of carcinoma (3), which
may contribute to the good prognosis exhibited by PTC.

Somatic gene mutations in PTC as identified using WES. Fig. 2A
presents the WES results of 10 patients with PTC, including
the top 20 mutated genes, mutation type and frequency. BRAF
V600E was the hotspot mutation in PTC and exhibited a 50.0%
frequency, which was comparable to a TCGA network study of
PTCs (59.7% mutated frequency of BRAF V600E) and to other
previous studies (3,20-22). The results also revealed that five
tumors with the BRAF V60OE mutation were all from patients
with PTC who exhibited lymph node metastasis. Digital PCR
was used to validate the BRAF V600E-positive tumors that were
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Figure 1. Schematic diagram of patients included in the current study. PTC, papillary thyroid carcinoma; WES, whole-exome sequencing.
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Figure 2. Somatic mutated genes in PTC. (A) Somatic mutation landsape of 10 patients with PTC using WES. (B) VAF of BRAF V600E in tumors detected by
WES and digital PCR and (C) linear regression analysis. PTC, papillary thyroid carcinoma; WES, whole-exome sequencing; VAF, variation allele frequency.

detected using WES. The results of this analysis indicated a good
degree of consistency in BRAF status (Fig. 2B) and variation
allele frequency (VAF; Fig. 2C) between WES and digital PCR.
VAF of BRAF V600E detected by WES had a positive linear
correlation (R?=0.9197; P=0.0099) with digital PCR (Fig. 2C). A

number of novel gene mutations were identified, including zinc
finger protein (ZNF)717, pleckstrin homology like domain family
A member 1 (PHLDAT1), RBMX like 3 (RBMXL3), lysine meth-
yltransferase SA (SETD8) and trichohyalin (TCHH), along with
reported genes, including BRAF, NRAS and mucin 16 (MUCI16).
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Figure 3. Pathway analysis of somatic mutated genes in PTC using (A) KEGG and (B) GO enrichment. PTC, papillary thyroid carcinoma; KEGG, Kyoto

Encyclopedia of Genes and Genomes; GO, Gene ontology.

Functional enrichment analysis of mutated genes. To further
determine the biological function of all mutated genes, KEGG
and GO enrichment were performed. Fig. 3A and B presents
the top 15 pathways and biological functions enriched by
KEGG and GO analysis, respectively, according to their
P-values. ‘Focal adhesion’ was a pathway that was significantly
altered according to both the KEGG and GO enrichment
analyses. Adhesion to the substrate via specific focal adhe-
sion points has previously been considered an essential step
in cell migration (23). In the present study, 11 mutated genes
were enriched in three biological functions: ‘Focal adhesion’,
‘cell-substrate junction’ and ‘cell-substrate adherens junction’,
including cadherin 2, heat shock family A member 1B, PTPRF
interacting protein alpha 1, spectrin repeat containing nuclear
envelope protein 2, transcriptional adaptor 1, basigin, integrin
subunit-a. (ITGA)4, trio and f-actin binding protein, ZNF185,
ITGAS and NHS actin remodeling regulator.

Hotspot mutations detected by digital PCR in the tumor
and plasma tissue of the validation cohort. The clinical
significance of BRAF and RAS mutations has been previ-
ously studied (20), and it has been recommended that the

diagnosis of thyroid nodules should occur using indeterminate
FNA results according to the NCCN guidelines for thyroid
carcinoma (5). To evaluate the accuracy of ctDNA detection
compared with tumor tissues, BRAF and NRAS hotspot
mutations were detected in the plasma and tumor tissues in the
validation group using digital PCR. For the tumor tissues of the
59 patients with PTC, the BRAF V600E mutation frequency
was 44.07% (Table II). Among the 26 patients with BRAF
V600E tumors, BRAF V600E mutation was detected in the
cell-free DNA of the plasma of 16 patients, while BRAF muta-
tions in cell-free DNA were detected in 3 patients from the 33
with BRAF wild-type tumors. The sensitivity and specificity
of BRAF V600E in cell-free DNA of patients with negative
and positive results, detected by digital PCR, were 61.54 and
90.91%, respectively (Table I1I).

As presented in Table II, BRAF V600E in patients' tumor
tissues was significantly associated with advanced stage
(P=0.009) and LNM (P=0.001). However, no significant
association was observed with age, sex, tumor size or capsule
invasion. The characteristics of the tumors (including stage,
tumor size and LNM) were also investigated to determine
whether these influenced the sensitivity of BRAF V600E in
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Table III. Sensitivity and specificity of BRAF V600E and NRAS Q61R detection in plasma in papillary thyroid carcinoma,

according to the results gained from tumor tissue analysis.

Mutation in plasma

Tumor mutation Negative Positive Sensitivity (%) Specificity (%)
BRAF V600OE
Negative 30 3 61.54 9091
Positive 10 16
NRAS p.Q61R
Negative 54 1 50 98.18
Positive 2 2

Table IV. Association between cell-free BRAF V600E
status and tumor characteristics in 26 patients with BRAF
V600E-positive tumors.

BRAF V600E in plasma
Characteristic Negative Positive P-value
Stage, no. patients 0.422
I+11 6 6
HI+1vV 4 10
LNM, no. patients 1.000
Negative 4 7
Positive 6 9
Tumor size, cm; 1.55(0.2-3.6) 1.7(04-4.6) 0.766

median (range)

LNM, lymph node metastasis.

plasma. Table IV demonstrated that there was no significant
correlation between the sensitivity of BRAF V600E in the
plasma and clinical parameters, despite there being a marked
trend.

NRAS p.Q6IR was also detected in the tumor tissues and
plasma in the validation cohort. NRAS p.Q61R was present
in four tumors (6.78%). The sensitivity of NRAS p.Q6IR in
ctDNA was 50.00% and the specificity was 98.18% (Table III).
Low frequency of NRAS p.QO6IR in tumors limits its indepen-
dent application for liquid biopsy whereas combined detection
of BRAF V600E and NRAS p.Q61R in plasma is feasible.

Discussion

Cellular pathology following FNA remains the most reliable
method of distinguishing benign and malignant thyroid tumors
prior to surgery (24). However, the features of 10-30% of
thyroid nodules are still unable to be confirmed by FNA (24),
which leads to these patients receiving unnecessary surgical
treatment. For these patients, the detection of genetic muta-
tions in their tumor tissues, via fine needle puncture, can be
used to screen high-risk patients with thyroid cancer (25), and
help guide further treatment.

In the present study, WES was used to investigate the
genomic alteration profile of 10 patients with PTC from
Quanzhou, China. All 59 patients with PTC formed the valida-
tion cohort to verify the results. BRAF V60OE was the most
frequent mutation in the WES cohort (5/10) and the mutation
frequency was 44.07% in the validation cohort (26/59), which
was consistent with previous studies (26,27). BRAF gene muta-
tions have been reported to be associated with tumor progression,
sensitivity to iodine treatment and poor prognosis (26,28,29).
The results from the present study revealed that BRAF V600E
was significantly associated with an advanced disease stage
(P=0.009) and LNM (P=0.001). Additionally, consistency was
observed in the identification of the BRAF genotype and VAF
between WES and digital detection, which provided evidence
for the reliability of WES. Currently, the BRAF status, based on
surgical pathology specimens, is used by clinicians to evaluate
patients at risk of recurrence (20).

Mutated genes, including ZNF717, PHLDA1, RBMXL3,
SETDS8 and TCHH, were also identified in the present study.
These genes were novel and had not been reported in the TCGA
study (3). For example, ZNF717 mutated in three samples, which
encodes a Kruppel-associated box zinc-finger protein (30).
Duan er al (31) reported that ZNF717 was a potential driver
gene in hepatocellular carcinoma, as a tumor suppressor acting
through the regulation of the interleukin-6/signal transducer
and activator of transcription 3 pathway. Further evaluation
of these genes should be performed in future studies, with
validation of these mutated genes in a larger cohort, and deter-
mination of their pathogenic mechanisms.

Liquid biopsy is beneficial in diagnosis and treatment of
cancers (32). ctDNA can be tested without accessing tumor
tissues. Additionally, the short half-life of ctDNA and its
wide dynamic range (33) may allow for the rapid assessment
of therapeutic responses for early- and late-stage disease.
Previous studies have indicated that the detection of ctDNA
in plasma can aid in cancer diagnosis and can guide treatment
course (34), including liver cancer (35), colorectal cancer (36)
and melanoma (37). However, controversy exists regarding
the detection of ctDNA in the plasma of patients with thyroid
cancer. Cradic ef al (38) and Zane et al (9) demonstrated that
the mutation rate of BRAF in the plasma of patients with
thyroid cancer was low, and that this was therefore not asso-
ciated with thyroid cancer. However, a study performed by
Kim et al (22), which included 72 patients with thyroid cancer,
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revealed that gene mutations in cell-free DNA were positive in
three patients with LNM and lung metastasis, and this study
concluded that there was a positive correlation between ctDNA
and lung metastasis in patients with thyroid carcinoma.

In the present study, BRAF V600E and NRAS p.Q61R
were analyzed in the tumor tissue and plasma of 59 patients
with PTC in the validation cohort, and the accuracy of ctDNA
detection was analyzed according to the results from the
QuantStudio™ 3D PCR. The sensitivity of BRAF V600E and
NRAS p.Q61R in ctDNA was 61.54 and 50.00%, respectively,
and the specificity was 90.91 and 98.18%, respectively.

In the present study, for BRAF V600E, the ctDNA samples
of 38.46% patients with positive BRAF V600OE tumors were
negative. In a study performed by Pupilli er al (10), the corre-
sponding ctDNA was negative in 22 PTC patients whose tumors
were BRAF V600E positive, using reverse transcription-PCR
and digital PCR. In the aforementioned study, the release
efficiency of DNA from the tumor to the peripheral blood was
affected by a variety of factors, such as capsule invasion, size
and tumor stage. ctDNA was not detected when its concentra-
tion was lower than the sensitivity limitation of QuantStudio™
3D PCR. Additionally, there exists a high risk of degradation
for cell-free DNA due to its short half-life (39). Few tumors in
this aforementioned study were wild-type, and the sequencing
results of the corresponding plasma were mutated, which
may be accounted for by this. Tumors possess heterogeneity,
and the sequencing results of a small section of tumor tissue
cannot represent the entire tumor (6). Additionally, this poten-
tial false-sensitive result could be caused by the ultrahigh
sensitivity of digital PCR.

In conclusion, the present study drew a genomic altera-
tion profile of patients with PTC from southeast China, and
provided evidence for the accuracy of ctDNA analysis in
patients with PTC. ctDNA is an important tool for assisting
in the diagnosis of thyroid nodules, predicting prognosis and
tracking the progress of PTC when tumor tissue cannot be
obtained.
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