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Abstract
Purpose The identification of somatic mutations in cancer specimens enables detection of molecular markers for perso-
nalized treatment. We recently developed a novel molecular assay and evaluated its clinical performance as an ancillary
molecular method for indeterminate thyroid nodule cytology. Herein we describe the analytical validation of the novel
targeted next-generation sequencing (NGS) assay in thyroid samples from different sources.
Methods We present validation data of a novel NGS-based panel on 463 thyroid samples, including 310 fine-needle
aspiration (FNA) specimens from different sources (FNA collected in preservative solution, liquid-based, and stained
smears), 10 fresh frozen, and 143 formalin-fixed paraffin-embedded (FFPE) thyroid tissue specimens. Sequencing perfor-
mance in the different samples was evaluated along with reproducibility, repeatability, minimum nucleic acid input to detect
variants, and analytical sensitivity of the assay.
Results All thyroid samples achieved high sequencing performance, with a mean base coverage depth ranging from 2228 ×
(in liquid-based FNA) to 3661 × (in FNA stained smears), and coverage uniformity ranging from 86% (in FFPE) to 95% (in
FNA collected in preservative solution), with all target regions covered above the minimum depth required to call a variant
(500×). The minimum nucleic acid input was 1 ng. Analytic sensitivity for mutation detection was 2–5% mutant allele
frequency.
Conclusions This validation study of a novel NGS-based assay for thyroid nodules demonstrated that the assay can be
reliably used on multiple thyroid sample types, including FNA from different sources and FF and FFPE thyroid samples,
thus providing a robust and reliable assay to genotype thyroid nodules, which may improve thyroid cancer diagnosis
and care.
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Introduction

Thyroid carcinoma accounts for the majority of endocrine
cancers and its incidence has increased over the past
30 years, also due to overdiagnosis [1, 2]. Thyroid cancers
generally present as asymptomatic nodules and diagnosis is
usually based on fine-needle aspiration (FNA) cytology [3],
which is inconclusive in up to 30% of cases [4].

Advances in the understanding of thyroid cancer genetics
and in high-throughput technologies have substantially
reduced the “dark matter” of the thyroid cancer genome,
thus providing novel molecular markers of potential diag-
nostic, prognostic, and therapeutic significance [5].
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Targeted next-generation sequencing (NGS) offers a
convenient and cost-effective technique to detect muta-
tions even in FNA specimens [3, 6]. We developed a dual-
component molecular assay as an ancillary method for
indeterminate thyroid FNA specimens that targets thyroid
cancer-related somatic mutations in 23 genes [7–9] and
one thyroid cancer-related microRNA [10, 11]. Clinical
utility in liquid-based thyroid FNA samples has already
been demonstrated in cytologically indeterminate thyroid
nodules [12].

We report the analytical validation of the NGS-based
assay for detecting novel and known somatic mutations in
thyroid cancer. Sequencing performance was evaluated on
multiple sample types, including FNA thyroid samples from
different sources (collected in preservative solution, liquid-
based, and stained smears), and fresh frozen (FF) and
formalin-fixed paraffin-embedded (FFPE) thyroid tissue
specimens. Assay reproducibility and robustness was
described.

Materials and methods

Sample collection

Thyroid samples were collected and analyzed with local ethics
committee approval. Written informed consent of all partici-
pants was obtained according to the Declaration of Helsinki.

Clinical samples for mutational analysis included: (1)
FNA samples collected in tubes containing nucleic acid
preservative solution (RNAlater; Thermo Fisher Scientific),
(2) residual cytological material from thyroid nodule aspirates
processed with the liquid-based cytology ThinPrep5000™
method (Hologic Co.) as previously described [13], and (3)
cytology smear-stained slides.

Other samples used for analytical validation of the assay
included FF and FFPE samples from surgically removed
thyroid cancer, thyroid nontumor (Nthy-ori 3–1) and cancer
cell lines (BCPAP and TPC1, two human papillary thyroid
cancer-derived cell lines characterized by BRAFV600E

mutation and CCDC6-RET gene fusion, respectively) [14],
commercial reference materials (control DNA from CEPH
Individual 1347-02, Thermo Fisher Scientific; control RNA
from 64 normal thyroids, Clontech), and blood specimen
from a healthy individual.

Details on cytological and histological classification of
FNA samples and FF and FFPE tissues were included in
Supplementary Table 1.

Nucleic acid isolation

AllPrep DNA/RNA Micro Kit (QIAGEN) was used to
simultaneously isolate nucleic acid from FNA samples

(RNAlater and liquid-based) and cell lines following man-
ufacturer’s instructions [12].

RecoverAll Total Nucleic Acid Isolation Kit (Thermo
Fisher Scientific) was used for nucleic acid isolation from
FFPE tissue and FNA stained smear samples following
manufacturer’s instructions [15]. To remove deaminated
cytosine (uracil) bases, DNA from FFPE samples was
treated with uracil-DNA glycosylase (UDG) (Thermo
Fisher Scientific) following manufacturer’s instructions.

Trizol reagent (Thermo Fisher Scientific) was used for
nucleic acid isolation from FF tissue [15]. QIAamp RNA
Blood Mini Kit (Qiagen) was used for RNA isolation from
blood following manufacturer’s recommendations.

Nucleic acids were measured using fluorescence-based
Qubit® quantification assays for double-stranded DNA and
RNA (Thermo Fisher Scientific).

NGS

Using targeted amplification-based NGS technology, the
assay tested for single-nucleotide variants (SNVs)/small
indels in 19 genes, 204 gene fusions of 7 genes with 72
fusion partners, and expression of 12 control genes to
estimate adequate cellularity and cell quality (follicular,
parafollicular, parathyroid cells) [12, 16]. Two libraries
were created from 15 ng of DNA and 10 ng of RNA using
Ion AmpliSeq™ Library Kit Plus and Ion Xpress™ Bar-
code Adapter 1–96 Kit following manufacturer’s instruc-
tions (Thermo Fisher Scientific). Pooled libraries were
clonally amplified on the Ion One Touch2 System and
sequenced on Ion Gene Studio S5 (Thermo Fisher Scien-
tific). DNA data were analyzed with Torrent Suite
v.5.10 software and annotated with IonReporter 5.12 and
wANNOVAR web servers. RNA data were analyzed with
Torrent Suite v.5.10 and IonReporter 5.12 software
(Thermo Fisher Scientific) following analysis workflow for
gene fusion detection [12].

Assay accuracy was evaluated by analyzing patient samples
(FNA, FFPE, and FF), thyroid nontumor and cancer cell lines
(NthyOri, BCPAP, and TPC1) [14] and commercial reference
materials (control DNA/RNA) according to NGS-based
oncology panel validation guidelines [17, 18]. We evaluated
assay sequencing performance in different sample types,
reproducibility, repeatability, minimum input quantity to detect
variants, and analytical sensitivity.

Results

Sequencing performance

Sequencing performance was assessed from different sam-
ple types, including RNAlater (n= 160), liquid-based
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(n= 147), and stained smear (n= 3) FNA thyroid samples
and FF (n= 10) and FFPE (n= 143) thyroid tissue speci-
mens. All samples achieved high sequencing performance
as assessed by average base coverage depth (Fig. 1a) and
uniformity (Fig. 1b). Liquid-based thyroid FNA specimens
showed the lowest base coverage depth (equal to 2680×),
while FFPE samples showed the lowest coverage uni-
formity (86% vs. >94% in all other sample sources).
However, all target regions were covered above 500×, that
is the minimal depth of coverage required to call a variant.

Reproducibility and repeatability

Replicate (within run) and repeat (between run) testing were
performed with six thyroid cancer samples (two FNA, two
FFPE, two FF) with known genetic variants previously
assessed by orthogonal methods [i.e., Sanger Sequencing
for SNVs (BRAF p.V600E, and RET p.C634R) and reverse
transcription polymerase chain reaction for gene fusions
(PAX8-PPARG and RET-NCOA4)]. Each sample was
assayed 3× within a single run and between runs. Expected
DNA and RNA variants were detected in all sample types
tested across the three intra and interassay replicates, with
minimum variation in allele frequency and mapped reads
(Supplementary Table 2a, b). These results show highly
reproducible DNA variant and RNA fusion detection.

Minimum acceptable nucleic acid input to detect
DNA and RNA variants

To identify the minimum input of nucleic acid necessary to
reliably detect point mutations and gene fusions, four bio-
logical samples were tested (two FNA, two FFPE) at an
amount of nucleic acid ranging from 1 to 10 ng. The assay
was able to correctly identify genetic alterations (one SNV,
BRAF p.V600E, and two gene fusions, RET-NCOA4 and
HOOK3-RET) and classify them as positive in 100% of
tested samples, both those isolated from thyroid FNA and

from FFPE, indicating that 1 ng of nucleic acids is a well-
tolerated quantity by the molecular test (Supplementary
Table 3).

Analytical sensitivity

To determine the analytical sensitivity of the assay, BCPAP
cells with homozygous BRAF p.V600E mutation and
TPC1 cells with CCDC6-RET gene fusion were serially
diluted in control samples negative for the genetic
alterations.

The assay detected point mutations down to 5% allelic
frequency. However, visual inspection of the aligned reads
in the Integrative Genomics Viewer also revealed BRAF
mutations at lower allele frequency (2%) (Supplementary
Table 4).

Gene fusions were detected down to a dilution of 1:39
(2.5%) (Supplementary Table 5), both when thyroid tumor
cells were diluted in nontumor thyroid cells (Nthy-ori cells)
and in RNA from whole blood (Supplementary Table 5),
indicating that the assay was not affected by interfering
material.

Discussion

We describe the analytical validation of a novel NGS-based
assay for detecting novel and known somatic molecular
alterations in thyroid cancer. Clinical utility of the assay
previously demonstrated a high sensitivity and negative
predictive value in liquid-based FNA thyroid samples [12].
Here, we demonstrate that the assay can be reliably used on
various sample sources that can be used as starting material,
including liquid-based FNA samples, FNA samples col-
lected in nucleic acid preservative solution, FNA stained
smears, and FF and FFPE thyroid tissue samples. The assay
employs relatively low amounts of nucleic acid and pro-
vides simultaneous high-accuracy screening of SNVs,

Fig. 1 Sequencing performance in different thyroid sample types. Average base coverage depth and (b) uniformity FF fresh frozen; FFPE
formalin-fixed paraffin-embedded; FNA fine-needle aspiration
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indels, and gene fusions, thus providing a valuable tool for
genotyping thyroid nodules.

The assay uses an amplification-based approach for tar-
geted enrichment of genomic regions. This allows a low
nucleic acid input, which is particularly important for FNA
samples and limited biopsy specimens. Although recom-
mended nucleic acid input for the AmpliSeqTM protocol
(Thermo Fisher Scientific) is 10 ng, a large proportion of
FNA samples have input below the required threshold [19].
Here we demonstrate that 1 ng of nucleic acid is sufficient
for molecular assay. At this amount, the assay correctly
identifies genetic alterations in 100% of analyzed samples.

The assay is also compatible with FFPE tissue. Testing
of these tissues may be useful for refining the pathological
diagnosis [2, 20] or the risk of persistence and recurrence
[21]. FFPE preservation methods can lead to cytosine
deamination within isolated DNA and to highly degraded
nucleic acid isolation, resulting in decreased sequencing
quality [22]. However, DNA treatment with UDG before
target amplification can enzymatically remove deaminated
cytosines [23]. Moreover, an amplification-based assay
allows enrichment of short DNA. All tested samples had
high sequencing performance. Although base coverage
uniformity was lower in FFPE specimens, all target regions
were covered above 500×, the minimum depth required to
call a variant.

In summary, this validation study of a novel NGS-based
assay demonstrates its applicability in multiple thyroid
sample types, including FNA from different sources and FF
and FFPE thyroid samples, thus providing a robust and
reliable method to genotype thyroid nodules. This approach
may aid clinical decision making on the basis of mutational
signatures. As preoperative test, an NGS-based assay tar-
geting thyroid cancer-related somatic mutations can
increase diagnostic yield of FNA cytology. In addition to its
diagnostic utility, a comprehensive mutational assay may
contribute to refine the risk of recurrence of thyroid cancer
patients [21] and to predict the more advanced cancers
through the simultaneous detection of multiple mutations
that frequently co-occur in aggressive cancers [5]. Finally,
mutational profiling in primary and metastatic tissues may
guide therapy selection and suggest novel targeted treatment
options for patients who failed to respond to standard-of-
care therapy.
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