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Abstract
Purpose Papillary thyroid microcarcinoma (PTMC) has excellent outcomes, but extensive lymph node (LN) metastasis can
be associated with fatal outcomes. We evaluated the mutational profiles of primary tumors and their metastatic LNs of
PTMCs with extensive lateral cervical LN metastases.
Methods Formalin-fixed, paraffin-embedded archival samples from 16 sets of normal thyroid tissue, the primary PTMC, and
the largest metastatic LN were used for targeted sequencing.
Results A total of seven somatic variants were confirmed in the PTMCs compared to the normal tissue. The BRAFV600E

mutation was the most common and seen in 12 primary tumors (75%) and 11 metastatic LNs (69%). A nonsense mutation in
AR and an in-frame deletion in ACVR2A were detected in one primary tumor and its metastatic LN (6%). Missense mutations
in KMT2A, RAF1, and ROS1 were detected in one primary tumor (3%). A frameshift deletion mutation in JAK2 was detected
in a metastatic LN (3%). In PTMCs without the BRAF mutation, an ALK and RET rearrangement (one PTMC and its
metastatic LN, 6%) was detected. In one patient, the BRAF mutation was detected in the primary tumor, but only a RET
rearrangement was detected in its metastatic LN. No mutations were detected in two patients.
Conclusion The mutational frequency of PTMCs was really low, even in those with extensive LN metastasis. The mutational
status of the primary tumor and its metastatic LNs were not significantly different, and this suggests a minor role for genetic
alterations in the process of LN metastasis in PTMC.
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Introduction

Papillary thyroid microcarcinoma (PTMC), which is papil-
lary thyroid carcinoma (PTC) that is ≤1 cm at the longest
diameter, is the most indolent subtype of thyroid cancer
[1, 2]. In our previous study, the disease-specific mortality
from PTMC was only 0.05% during the median 8 years of
follow-up, and distant metastasis was detected in 0.1% of
PTMC patients. As distant metastasis was closely related to
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the disease-specific mortality, we evaluated the risk factors
for distant metastasis of PTMC. We found that extensive
lymph node (LN) metastasis, a lateral cervical LN metas-
tasis with an extranodal extension or an aggressive patho-
logic subtype of metastatic LNs, is associated with fatal,
distant metastasis in PTMC [3]. However, the mutational
profile of these tumors was not evaluated in that study, and
little is known about the differences in the mutational profile
of primary thyroid cancer and its metastatic thyroid cancers.

BRAF is the most studied gene for PTMC, and the BRAF
V600E mutation is the most common [4]. In a recent meta-
analysis, the BRAF V600E mutation was detected in about
50% of PTMCs and was associated with aggressive clin-
icopathological characteristics, such as tumor multifocality,
extrathyroidal extension, LN metastases, and advanced
stage [5]. A telomerase reverse transcriptase (TERT) pro-
moter mutation has also been reported in PTMCs, but has
not been associated with unfavorable outcomes such as
persistent/recurrent disease [6].

As the pathological change was significant in the meta-
static LN of PTMC with distant metastasis compared to the
primary tumor in our previous study, we hypothesized that
primary PTMC and its metastatic LN might also be
genetically different, and the difference in the mutational
profile might be a surrogate marker for the prediction of
distant metastasis of PTMC. In the present study, we aimed
to evaluate the mutational profiles of PTMCs with extensive
LN metastasis by targeted next-generation sequencing
(NGS) and to investigate the differences in the mutational
profile between the primary PTMC and its metastatic LN. A
comprehensive evaluation of the mutational profile of
PTMCs is important to understand the sequence of cancer
progression and the metastatic cascade.

Materials and methods

Patients and tissue samples

After obtaining informed consent, we prospectively enrol-
led 14 PTMC patients with lateral cervical LN metastasis at
the time of initial operation between 2011 and 2016, at the
Asan Medical Center, Seoul, Korea. One patient who died
of PTMC, and one patient who died of another malignancy,
was also enrolled without informed consent. Therefore, a
total of 16 PTMC patients were included in this study.
Three of them also had distant metastases. Formalin-fixed,
paraffin-embedded (FFPE) archival samples were collected
from the primary tumor, the largest metastatic LNs, and
matched normal tissues. All of these specimens were
reviewed by an experienced endocrinology pathologist (D.
E.S), and the pathologist selected adequate tissue blocks for
the isolation of DNA. In patients with multifocal PTMCs,

we selected the dominant tumor with the largest diameter.
This study was approved by the Institutional Review Board
of the Asan Medical Center, Seoul, Korea.

DNA extraction

After review of the matched hematoxylin/eosin-stained
slides from each FFPE tissue section, 2–5 6-μm-thick slices
from each specimen were used for the extraction of genomic
DNA, depending on the sample size and tumor cellularity.
After treatment with xylene and ethanol for de-paraffiniza-
tion, genomic DNA was isolated using the NEXprep FFPE
Tissue kit (#NexK-9000; Geneslabs, Korea), according to
the manufacturer’s protocol. Briefly, tissue pellets were
lysed completely by incubation with proteinase K in the
Lysis buffer overnight at 56 °C, followed by an additional
incubation for 3 min with magnetic beads and Solution A at
37 °C. After incubation for 5 min on a magnetic stand, the
supernatants were removed and washed three times with
ethanol. After air-drying the beads for 5 min, DNA was
eluted in 50 μL of nuclease-free water and quantified using a
Qubit™ dsDNA HS Assay kit (Thermo Fisher Scientific,
MA, USA) [7].

Targeted NGS

Targeted NGS was performed using the MiSeq platform
(Illumina, San Diego, CA, USA) with OncoPanel AMC
version 3 (OP_AMCv3) targeting a total of 382 genes,
including the entire exons of 199 genes, 184 hot spots, and
the partial introns of 8 genes often rearranged in cancer
(Supplementary Table 1). Two hundred nanograms of
gDNA were fragmented by sonication (Covaris Inc.,
Woburn, MA, USA) to an average size of 250 bp, followed
by size selection using Agencourt AMPure XP beads
(Beckman Coulter, High Wycombe, UK). A DNA library
was prepared by sequential reactions of end repair, A-tail-
ing, and ligation with a TruSeq adaptor, using a Sur-
eSelectXT Reagent kit (Agilent Technologies, Santa Clara,
CA, USA). Each library was addressed with sample-specific
barcodes of 6 bp and quantified using Qubit. Eight libraries
were pooled to a total of 750 ng for hybrid capture using an
Agilent SureSelectXT custom kit (OP_AMCv3 RNA bait;
Agilent Technologies). The concentration of the enriched
target was measured by quantitative PCR (Kapa Biosys-
tems, Woburn, MA, USA), and the sample was loaded on
the MiSeq platform or paired-end sequencing.

Bioinformatics analysis

Sequenced reads were aligned to the human reference gen-
ome (NCBI build 37) with the Burrows-Wheeler Aligner
(0.5.9) [8] with the default options. De-multiplexing was
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performed with MarkDuplicates of the Picard package to
remove PCR duplicates (available at http://broadinstitute.
github.io/picard). De-duplicated reads were re-aligned at
known indel positions with the GATK IndelRealigner tool
[9]. The base quality was recalibrated using the GATK
TableRecalibration tool. Somatic single-nucleotide variants
and short indels were detected with the matched normal,
using Mutect (1.1.6) and the SomaticIndelocator tool in
GATK [10]. Common and germline variants from the
somatic variant candidates were filtered out with the com-
mon dbSNP (build 141; found in >1% of samples), Exome
Aggregation Consortium (ExAC; r0.3.1, threshold fre-
quency 0.001), Korean Reference Genome database
(KRGDB), and an in-house panel of normal. Final somatic
variants were annotated using the Variant Effect Predictor
(version 79) and were then converted to the maf file format
using vcf2maf (https://github.com/mskcc/vcf2maf). False-
positive variants were manually curated using the Integrative
Genomics Viewer (IGV). Minimum depth for detected
alteration was 5× in our study. For the analysis of structural
variations, copy number variation (CNV) and rearrangement
were evaluated using the CNVkit [11] and BreaKmer [12]
algorithms, respectively. After analysis of the CNV for
primary tumor and metastatic LN against the matched nor-
mal, GISTIC algorithm was applied to the segmented files
(CNS) for identification of significant focal and arm level
amplifications and deletions [13]. The GISTIC q-value cut-
off was set at 0.25 by the software’s instruction. Candidates
for germline mutations or false positives for rearrangement
alterations by BreaKmer were filtered out with an in-house
panel of normals and by manual review.

Results

Baseline characteristics of patients with PTMC

Table 1 presents the baseline characteristics of the PTMC
patients included in this study. The median age of the
patients was 49 years (interquartile range [IQR] 40–55), and
88% of the patients were females. The median primary
tumor size was 0.9 cm (IQR 0.8–1.0), and 70% had
microscopic extrathyroidal extensions of the tumor. All of
these patients had lateral cervical LN metastasis (N1b dis-
ease by the 8th TNM staging system [14]). The median
number of metastatic LNs was 11 (IQR 7–16) and the
maximal size of the metastatic LNs was 1.4 cm (IQR
1.1–1.9). Extranodal extension of metastatic foci from the
metastatic LNs was also detected in eight patients (50%).
Three patients had synchronous distant metastasis, and one
died of PTMC. Except for the patients with synchronous
distant metastasis, one patient had locoregional structural
recurrence in the lateral cervical area during follow-up.

Significantly mutated genes in PTMCs

We performed targeted sequencing of 16 matched primary
tumors, metastatic LNs, and normal thyroid tissue sets.
After excluding germline mutations by comparing the
sequencing results of the PTMCs or metastatic LNs with
those of the matched normal tissues, we detected nine sig-
nificantly mutated genes in the primary tumors or the
metastatic LNs of PTMC (Fig. 1).

Among the seven somatic variants detected, the BRAF
V600E mutation was the most common and was observed
in 23 samples (72%) including 12 primary PTMCs (75%)
and 11 metastatic LNs (69%). In one patient, a nonsense
mutation of the androgen receptor (AR) and an in-frame
deletion of the activin receptor 2A (ACVR2A) were detected
in a primary PTMC with its LN (6.3%), respectively. The
locations of the mutations in the BRAF, ACVR2A, and AR
genes, which were frequently mutated genes in PTMCs and
their metastatic LNs, are shown in lollipop plots (Fig. 2). In
three separate primary PTMCs, missense mutations in
KMT2A, RAF1, and ROS1 were detected (3.1%). A fra-
meshift deletion mutation in JAK2 was detected in a
metastatic LN (3.1%).

Table 1 Baseline characteristics of 16 papillary thyroid
microcarcinoma patients

Characteristics N (%) Median (IQR)

Age (years) 49 (40–54)

≥55 4 (25)

Sex

Male 2 (13)

Female 14 (88)

Size of primary tumor (cm) 0.9 (0.8–1.0)

Extrathyroidal extension

No 5 (31)

Microscopic 11 (69)

Multifocality

No 7 (44)

Yes 9 (56)

Cervical LN metastasis

N1b 16 (100)

No. of metastatic LNs 11 (7–16)

Maximal size of metastatic LNs 1.4 (1.1–1.8)

Presence of extranodal extension 8 (50)

Distant metastasis

M1 (Synchronous) 3 (19)

Structural persistent/recurrent disease 1 (8)

Locoregional 1 (8)

Categorical variables are presented as numbers with percentages.

Continuous variables are presented as medians with interquartile
ranges (IQR)
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In tumors without a BRAF mutation, we also found a
RET intergenic rearrangement and ALK/STRN rearrange-
ment in one PTMC with its metastatic LN (6.3%). In one
patient, the BRAF mutation was detected in the primary
tumor but only a CCDC6/RET rearrangement was detected
in a metastatic LN (3.1%) (Fig. 1).

In total, the mean number of mutations per sample was
1.2 (range, 0–4) in primary tumors and 1.1 (range 0–3) in
metastatic LNs. We could not find any mutations in two
patients (Patients 15 and 16).

Pathological characteristics of PTMC with ALK
rearrangement

The mutational frequency was especially high in one patient
(Patient 13) with ALK rearrangement and we evaluated
detailed pathological characteristics of this tumor. Tumor
cells showed solid growth pattern with abundant cytoplasm,
plasma cell infiltration, and metastatic tumor cells showed
wide variation of nuclei size with occasionally observed
prominent nucleoli (Fig. 3).

Mutational characteristics of PTMCs with distant
metastasis or recurrence

All four PTMC patients with distant metastasis (Patients
1–3) or recurrent disease (Patient 9) had the BRAF V600E
mutation. Patient 1 had the solid variant of PTMC with
metastatic LNs showing anaplastic change and died of
PTMC. Primary tumor had the BRAF and KMT2D mutation

and its metastatic LN only had the BRAF mutation. Patient 2
had the classical variant of PTMC and showed diffuse lung
metastasis. Lung metastasis was controlled after high-dose
radioactive iodine treatment. The BRAF mutation was
detected in the primary tumor. Its metastatic LN had the
BRAF and JAK2 mutation. Patient 3, who had the classical
variant of PTMC with lung metastasis, and Patient 9, who
had recurrent disease, had only the BRAF mutation.

Significant copy number variations in PTMC

We additionally performed a GISTIC2 analysis to detect
significant focal CNVs, which yielded seven amplified and
nine deleted regions (q-value <0.25; Fig. 4; Supplementary
Tables 2 and 3). The most common focal deletion region
was 9q34.12, containing ABL1, which has been reported as
a recurrently deleted gene in PTC [15]. The most frequent
focal amplified region was 5q13.2, which has not been
reported previously.

Discussion

In this study, we performed targeted NGS of PTMC with its
metastatic LN. All PTMCs analyzed in this study had
extensive LN metastasis, and the median number and size of
the metastatic LNs were 11 and 1.4 cm, respectively.
Extranodal extension of metastatic foci from the metastatic
LNs was also detected in 50% of patients. Furthermore,
three patients had distant metastasis from PTMC, and one of

Fig. 1 Mutations in papillary thyroid microcarcinoma (PTMC) and its
metastatic lymph node (LN), detected by targeted sequencing. Pairs of
primary PTMC tumor and metastatic LN samples are arranged from
left to right. The type of mutation is annotated for each sample by

color with variant allele frequency value. The mutational frequencies
for each mutated gene are plotted in the right panel. The mutation
number is presented in the top panel. The types of base-pair sub-
stitutions of the somatic mutations are displayed in the bottom panel
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them died of PTMC. Even in PTMCs with aggressive
characteristics, the mutational frequency was really low,
and the mean number of mutations per sample was only 1.1
(range, 0–4) [16].

The mutational status of the primary tumors and their
metastatic LNs was not significantly different. In general,

the mutational frequency did not differ. A frameshift dele-
tion mutation in JAK2 was only detected in the metastatic
LNs, but missense mutations in KMT2A, RAF1, and ROS1
were detected in only primary PTMCs. Our finding is
consistent with a previous study that reported that the
concordance of the genotype between primary tumors and

Fig. 2 Lollipop plots of frequently mutated genes in papillary thyroid
microcarcinoma and its metastatic lymph node. a BRAF gene, b
ACVR2A gene, and c AR gene. A position with a mutation is denoted
by a circle, and the length of the line represents the number of
mutations detected at the position. Colored boxes show the specific
functional domains. a BRAF gene. RBD Ras-binding domain,

PKinase-Tyr protein tyrosine kinase. b ACVR2A gene Activin_recp
activin receptor domain, PK protein kinase. c AR gene Androgen_re-
cep androgen receptor, NR_DBD_AR DNA-binding domain of the
nuclear receptor of AR, NR_LBD_AR ligand-binding domain of the
nuclear receptor of AR
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their LN metastasis of differentiated thyroid cancer is high
[17]. These findings suggest a minor role for genetic
alterations in the process of LN metastases in PTMC.
Morphological features, epigenetic changes, or a certain
tumor microenvironment might affect the process of LN
metastasis. In previous studies, PTCs with an invasive
growth pattern or a higher density of tumor-associated
macrophages were associated with the development of LN
metastasis [17–20].

The BRAF V600E mutation was most commonly detected,
and the prevalence was 72% in this study, which was sig-
nificantly higher than the prevalence reported in a recent meta-
analysis [5]. This high prevalence of the BRAF V600E
mutation might be associated with the extensive LN metastasis
or the aggressive characteristics of the PTMCs in this study.
However, this high prevalence of BRAF V600E mutation also
might be associated with the general higher prevalence of
BRAF V600E mutation in PTCs from Korea and also might
be skewed due to small number of patients [21].

RET rearrangements, the most frequent fusion in a pre-
vious The Cancer Genome Atlas (TCGA) analysis of PTC,
and ALK rearrangements are known as oncogenic drivers of
PTC and were mutually exclusive with the BRAF mutation
[15]. In this study, we also found RET and ALK rearran-
gements in PTMCs, and those were also mutually exclusive
with the BRAF mutation. In one patient, the BRAF mutation
was detected in the primary tumor and only a CCDC6/RET
rearrangement was detected in a metastatic LN. Because
this patient had multifocal PTMCs, we thought that this
metastatic LN might be originated from other primary
tumor foci. Pathological characteristics of thyroid cancer
with ALK rearrangement were not well elucidated. In this
study, PTMC with ALK rearrangement showed solid growth
pattern with plasma cell infiltration, which was consistent
with the previous study [22]. The prevalence of ALK rear-
rangement in PTC is about 2.2% and is associated with
young, female patients. ALK IHC is usually positive but it
was negative in this case [23].

Fig. 3 Microscopic features of PTMC with ALK rearrangement in both
PTMC and its metastatic LN. a A 0.8 cm sized ill-defined nodule
reveals sclerotic stroma and numerous psammoma bodies in the
background of lymphocytic thyroiditis. b Tumor cells show solid

growth pattern, abundant cytoplasm, and heavy infiltration of plasma
cells. c, d On high-power field, markedly enlarged nuclei (arrows) and
anisokaryosis are occasionally observed in both PTMC c and meta-
static LN d
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Following the BRAF mutation, an in-frame deletion in
ACVR2A and a nonsense mutation in AR were the prevalent
somatic mutations in this study. Activin is a member of the
transforming growth factor-beta superfamily, which shows
the growth suppression effects, and inactivating mutations
in ACVR2A have been reported in colon cancer, especially
with high-frequency microsatellite instability [24, 25].
According to TCGA data for PTC, a missense mutation in
ACVR2A has been detected in one sample among
482 samples, and the role of the inactivating mutation in
ACVR2A has not been elucidated in thyroid cancers [22,
23]. The AR mutation has been most studied in prostate
cancers and plays a significant role in prostate cancer pro-
gression [26]. As the prevalence and the prognosis of
thyroid cancer are different between men and women, the
expression of the estrogen receptor or AR has been reported
for thyroid cancer. In one previous study, AR was expressed
in about 20% of differentiated thyroid cancers, detected by
immunohistochemistry in both men and women, and was
associated with capsular invasion of the tumor [27].

However, an AR mutation has not been reported in thyroid
cancer [22, 23].

We also analyzed somatic CNVs and found nine focal
deletions and seven focal amplifications with
GISTIC2 significance. Focal deletion of 9q was most
common in our PTMC patients and has also been reported
in a previous TCGA analysis of PTC [15]. A 22q deletion
and 1q amplification have also been reported [15, 28].
However, we could not evaluate the association between the
CNVs and the clinicopathological characteristics of PTMC
patients because of the small number of patients.

Our study has limitations in that only a small number of
PTMC patients were evaluated. We only evaluated the
mutational profiles of PTMCs with extensive LN metas-
tasis, and not those of the low-risk PTMCs in general. We
could not evaluate the mutational profiles of distant meta-
static tumors due to lack of tissues. We only evaluated the
mutational profile of a dominant primary tumor. Further-
more, we only tested 382 known cancer-related genes by
targeted sequencing. This might be the reason for the

Fig. 4 Copy number variations (CNVs) in papillary thyroid micro-
carcinoma and its metastatic lymph node. Somatic CNV data for focal
amplifications and deletions of 16 PTMC patients were analyzed using
GISTIC2.0. The genome is oriented vertically from top to bottom, and

the GISTIC q-values at each locus are plotted on a log scale from left to
right. The green line represents the significance threshold (q-value=
0.25). DEL deletion, AMP amplification
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inability to detect any genetic alterations in two of the
PTMCs with metastatic LNs in this study. Furthermore, we
could not evaluate TERT promoter mutation. Because of
high GC content of TERT promoter, designing of good
probes with high coverage for this region is impossible.
However, the present study was the first comprehensive
analysis of the mutational profile of PTMC, and we
excluded germline changes by comparing the results for
PTMC or the metastatic LN with those of matched
normal tissues.

In conclusion, the mutational frequency of PTMCs was
really low, even of those with extensive LN metastasis. The
mutational status of the primary tumor and the metastatic
LNs was not significantly different, and the BRAF V600E
mutation was the most frequently mutated gene in both the
primary and metastatic LNs. These findings suggest a minor
role for genetic alterations in the process of LN metastasis
in PTMC.
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