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Abstract

The increasing role of molecular testing in thyroid pathology, from the pre-operative stratification of indeterminate fine-
needle aspiration (FNA) categories to the management of advanced carcinomas, has prompted the development of insti-
tution-specific custom NGS solutions as a locally deployable alternative to centralized tests. The aim of the present study
is to validate a new custom NGS panel dedicated to the molecular analysis of routine thyroid pathology specimens. The
panel was evaluated on thyroid cancer cell lines, 124 FFPE thyroid tissue specimens, and 43 FNA samples. Nexthyro
2.0 achieved a high sequencing success rate on both histological (100%) and cytological (95.3%) material, with analyti-
cal sensitivity down to 0.5% dilution point. Mutational profiles across thyroid neoplasm histotypes and FNA categories
were consistent with established molecular-morphological correlates. Nexthyro 2.0 represents a reliable local solution for
thyroid molecular testing across cytological and histological specimens encountered in routine clinical practice.
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Introduction

Molecular testing was introduced as an ancillary tool in
the diagnostic workflow of thyroid nodules to resolve the
diagnostic challenge posed by indeterminate fine-needle
aspiration (FNA) categories [1]. In fact, the refinement of
morphological criteria and the standardization of cytologi-
cal diagnosis owing to the introduction of international clas-
sification systems have not eliminated the “gray zone” of
thyroid cytology [2]. Limited nuclear atypia, microfollicles
and oncocytes remain among the morphological features
that may not always be translated in actionable diagnostic
categories. Beside the pre-operative setting, the assessment
of somatic genomic alterations is increasingly taken into
account along with the traditional histological features, stag-
ing, imaging and laboratory results to guide the risk assess-
ment of patients with differentiated thyroid carcinoma [3, 4].
In particular, for patients affected by advanced or aggressive
thyroid carcinoma, molecular testing has become mandatory
for the administration of novel targeted treatments [5].
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Several companies have developed and validated their testing
strategies for indeterminate FNA which are currently central-
ized in United States, whereas thyroid-specific Next Genera-
tion Sequencing (NGS) panels are not readily available in other
countries [6, 7]. Thus, different institutions have developed their
own testing strategies, which include either commercially avail-
able panels, originally designed for the predictive molecular
testing of solid tumours, or custom in-house validated panels
[7]. These latter usually cover most of the alterations relevant for
thyroid, whereas the former may include noninformative genes
that undermine their analytical performance. In particular this
may lead to suboptimal amplicon coverage of small tissue sam-
ples such as FNA specimens [8]. Additionally, molecular testing
of FNA is performed from nucleic acid not only extracted from
smears and cell block sections, in which the cellularity require-
ments are evaluable, but also from needle rinse or residual Lig-
uid-Based Cytology (LBC) remnant, in which the cell quantity
can be only inferred by observing the corresponding cytological
slide [9]. Thus, the possibility of assessing the adequacy of the
sample within the test can be useful to avoid false negative due
to low cell content. Such evaluation is not provided by com-
mercial panels for solid tumours available to date and is seldom
included in-house custom panels [10].

Given the growing importance of the assessment of
molecular profile of thyroid carcinoma both on cytology and
histological specimens, our institution adopted over time
different strategies for molecular testing, including limited
gene panel (i.e. 7-gene panel) [11], commercial NGS panel
not specifically designed to analyse thyroid FNAs [8], and,
more recently, a custom narrow gene panel specifically
designed to cover the most relevant alterations occurring on
DNA and involved in thyroid tumorigenesis [12].

Building on these previous experiences, we planned a
second version of our custom NGS panel to expand and
optimize the reference range for DNA alterations. In this
new version, we set to include an RNA panel to assess gene
fusions, which are particularly enriched in thyroid carci-
noma from paediatric patients, as well as to detect poten-
tially actionable rearrangement in patients with advanced
thyroid carcinoma not harbouring BRAF p.V600E mutation.
In addition, our design included expression controls along
with fusion detection to estimate the samples’ cellularity.

The aim of this study was thus to evaluate the analytical
performance of this new panel version on multiple sample
types, including cell-line derived samples, formalin-fixed
paraffin-embedded (FFPE) thyroid tissue specimens, and
FNA thyroid samples.

The secondary aim was to assess the correlation of muta-
tional status as detected by our novel custom panel with
morphological features such as thyroid neoplasm histotypes
and cytological categories according to the Bethesda Sys-
tem for Reporting Thyroid Cytopathology (TBSRTC) [13].
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Materials and methods
Panel design and analytical validation

The Nexthyro 2.0 included an optimized DNA panel that
covers 285 point alterations in 21 different genes (BRAF,
HRAS, KRAS, NRAS, RET, EIF14X, GNAS, IDH1, IDH2,
NF2, PIK3CA, PPMID, PTEN, DICERI, CHEK?2, KIT,
TSHR, AKT1, MET, CTNNBI and TERT promoter) and an
RNA panel that identifies different gene fusions in ALK,
BRAF, RET, NTRK1, ROS1, THADA, GLISI, GLIS3, PAXS
and PPARG genes, including 171 fusion partners.The RNA
panel also provided gene expression controls to assess the
type and amount of cells in each sample, comprising mark-
ers for follicular thyroid cells (TG, PAX8, SLC5AS5/NIS,
KRT?7), parafollicular thyroid cells (CALCA), as well as
parathyroid cells (PTH). A sample was considered adequate
for molecular analysis when thyroid follicular cell marker
expression exceeded 10% of all sequencing reads [14]. The
full list of gene, fusions, and expression controls assessed
by the Nexthyro 2.0 is shown in Supplementary Table 1.

In brief, the Ion AmpliSeq Designer suite v5.3.1, using
hg19 as the reference genome, was employed for the design
of one DNA primer pool comprising 71 amplicons (rang-
ing from 75 to 150 bp) targeting 285 COSMIC-annotated
mutations. The RNA fusion panel was designed with Ion
AmpliSeq™ Ultra v7.8.3, generating two primer pools
comprising 171 amplicons (ranging from 125 to 175 bp)
covering 171 COSMIC-annotated gene fusions.

Multiple overlapping primer sets, were designed to tile
across the entire CpG island which characterize the TERT
promoter (TERTp) region. Amplicons were maintained
within a short size range (approximately 150400 bp) to
ensure efficient amplification. To confirm the effectiveness
of the new primers design we also validated the TERTp
results on Absolute Q Digital PCR (Applied Biosystem™,
Thermo Fisher Scientific) as an orthogonal technique. Spe-
cifically, this additional validation was performed for the
TERTp ¢.—124 C>T and c.—146 C>T mutations.

The overall NGS workflow was further optimized and
implemented on the fully automated Genexus™ System
platform (Thermo Fisher Scientific). The performance of
the panel was then evaluated in two steps. First, the limit
of detection (LOD) for DNA alterations and gene fusions
was assessed using two different human thyroid cancer cell
lines. The FRO cell line, derived from an anaplastic thyroid
carcinoma, which harbours the BRAF ¢.1799T > A p.V600E
mutation and the FB2 cell line, established from a papillary
thyroid carcinoma, which carried the CCDC6 [1]::RET(12)
gene fusion. The FB2 and FRO cell lines were cultured as
previously described, with minor adjustments to optimize
growth and ensure reproducibility across experiments [15,
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16]. BRAF p.V600E and CCDC6::RET were selected as rep-
resentative targets for DNA point mutation and RNA fusion
detection, respectively; the resulting sensitivity estimates
were considered representative of the corresponding altera-
tion (DNA variants and RNA fusions), as amplicon-specific
validation of every individual target was not performed.

DNA and RNA isolated from these cell lines were mixed
with wild-type nucleic acids obtained from the WRO cell
line (National Research Council/Institute of Experimen-
tal Endocrinology and Oncology, Naples, Italy) at differ-
ent serial dilutions. DNA extracted from the cell lines was
pooled, starting from a 10 ng/puL stock, to measure the vari-
ant allele frequency (VAF) levels at different dilution points
(30%, 15%, 5%, 2%, 1%, and 0.5%). The same approach
was applied to RNA.

As second step, we tested 124 formalin fixed, paraf-
fin-embedded (FFPE) tissue sections obtained from four
tertiary referral institutions (Department of Pathology,
Hopital du Haut Leveque, Bordeaux, France; Depart-
ment of Pathology, Hopital Cochin, Paris, France; Depart-
ment of Pathology, Groupement Hospitalier Lyon-Sud,
Pierre Bénite, France; Department of Pathology, Hopital
Piti¢ Salpétriere, Paris, France), and 43 internal FNA,
which closely recapitulated the kind of samples in which
the panel would be applied in routine practice. Nucleic
acids were extracted from FFPE and FNA samples using
the AllPrep DNA/RNA Mini Kit (Qiagen, Hilden, Ger-
many) and resuspended in 35 pL of RNase-/DNase-free
water (Ambion, Thermo Fisher Scientific). Representative
tumour areas were identified on haematoxylin and eosin
(HE)-stained slides by a pathologist (CB) and manually
macrodissected by scraping the corresponding regions
from matching unstained sections of FFPE specimen, as
previously described [17].

The FNA cohort included 43 thyroid fine-needle aspira-
tion specimens, comprising 34 needle rinse samples, 7 lig-
uid-based cytology specimens, and 2 cell blocks. Nucleic
acids from needle rinse samples were extracted as previ-
ously described [11]. LBC remnants and unstained cell
block sections were used as nucleic acid source for the
remaining cases. The quantity and quality of nucleic acids
were assessed with an automated electrophoresis system
(TapeStation 4200, Agilent Technologies, Santa Clara, Cali-
fornia, USA).

NGS workflow and data analysis

DNA and RNA obtained from histological and cyto-
logical samples were tested using the Genexus™ System
(Thermo Fisher Scientific). The platform integrates all
steps of the NGS workflow, including library preparation,

sequencing, and bioinformatic analysis, enabling the gen-
eration and interpretation of results within 24 h. As previ-
ously described, samples were generated on a dedicated
server and assigned to a new run [18]. The Genexus system
was then loaded with Nexthyro 2.0 primers, strip solutions,
and strip reagents according to the manufacturer’s protocol.
The assay required 15 pL of DNA and 20 pL of RNA as
input material. Samples falling short of this ideal input were
not excluded but processed using the maximum available
volume, with quality control and variant-calling criteria
applied as summarized in Supplementary Fig. 1. Accord-
ingly, each sample was diluted and immediately dispensed
into a 96-well plate following the manufacturer’s instruc-
tions. Nucleic acids were subsequently sequenced using
the GX5™ Chip (Thermo Fisher Scientific, Waltham, MA,
USA), which allows the processing of up to 32 samples per
run (16 DNA and 16 RNA).

Data analysis was performed using proprietary Genexus
software (6.8.4.0). Alterations detected by the assay were
annotated in the software, which lists all identified vari-
ants, and subsequently confirmed by visual inspection of
BAM files in hotspot regions using Golden Helix Genome
Browser (v3.1.0; Bozeman, MT, USA). Variant interpreta-
tion involved manual curation integrating ClinVar, OncoKB,
and COSMIC databases [19-21].

Statistical analysis

Statistical analyses were performed using R (version 4.5.2).
Variants classified as pathogenic or likely pathogenic were
retained for downstream analyses, whereas benign, likely
benign variants and variants of uncertain significance were
excluded. When appropriate, associations between molecu-
lar findings and categorical pathological variables, including
TBSRTC categories and histological tumour type according
to the 5th edition of the World Health Organization (WHO)
Classification of Endocrine and Neuroendocrine Tumours
[22], were assessed using Fisher’s exact test; p values < 0.05
were considered statistically significant.

FFPE thyroid tissue specimens from four French tertiary
referral institutions were obtained under a formal Biological
Resource Transfer Agreement signed between the Hospices
Civils de Lyon (Biological Resources Center, CRB SUD)
and the Department of Public Health, University Federico
II (Naples), in compliance with applicable French bioeth-
ics legislation, EU GDPR Regulation 2016/679, and the EU
Directive 2004/23/EC on human tissues and cells; all trans-
ferred samples were anonymised prior to transfer. The use
of internal FNA material was approved by the Ethics Com-
mittee “Carlo Romano” of Federico II University of Naples
(protocol 155/15/ES1).
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Results
Analytical sensitivity

The Nexthyro panel successfully detected all genomic alter-
ations across the entire series of serial dilutions obtained
from cell lines. In particular, for undiluted DNA, the vari-
ant allele frequency (VAF) of the BRAF p.V600E mutation
was 67.36%. Following serial dilutions, this variant showed
a progressive decrease in allele frequency. In detail, the
observed VAF values were as follows: 54.52% at 30% dilu-
tion, 31.47% at 15%, 13.33% at 5%, 5.9% at 2%, 1.8% at
1%, and 1% at 0.5%. In undiluted RNA samples, the num-
ber of read counts for the CCDC6 [1]::RET(12) fusion was
79,000. In detail, read counts were 22,140 at the first dilu-
tion, 13,380 at the second dilution, 8,365 at the third dilu-
tion, 4,552 at the fourth dilution, 1,796 at the fifth dilution,
and 1,288 at the sixth dilution. Upon visual inspection the
analytical limit of detection (LOD) was at 1% VAF, allowing
the detection of the variants at frequencies as low as 0.5%.

Sequencing performance on histological and
cytological cohorts

The whole histological sample set were successfully tested.
The DNA and RNA extracted from FFPE samples showed
mean concentrations of 11.9 ng/uL and 74.2 ng/uL, respec-
tively, with corresponding quality values of 2.5 (DNA
Integrity Number, DIN) and 2.0 (RNA Integrity Number,

RIN). In particular, we obtained 93.77% and 99.99% on-
target reads, 95 bp and 115 bp read lengths, 1,304,156 and
540,821 mapped reads from DNA and RNA sequencing,
respectively.

Similarly, the assay demonstrated a high success rate of
(41/43, 95%) on cytological samples, with post-sequencing
metrics demonstrating satisfactory analytical performance.
In particular, we obtained, 82.42% and 99.99% on tar-
get reads, 113 bp and 115 bp read lengths, 1,243,997 and
238,629 mapped reads, from DNA and RNA sequencing,
respectively.

Comparison of the current post-sequencing metrics with
our previous experiences is shown in Table 1.

Histological samples

The 124 histological specimens included 16 benign neo-
plasms, all represented by follicular adenomas (FA), and
10 low-grade neoplasms, including 5 hyalinizing trabecular
tumours (HTT) and 5 non-invasive follicular thyroid neo-
plasms with papillary-like nuclear features (NIFTPs).
Among the 98/124 (79%) malignant neoplasms, 68/98
(69.4%) were differentiated thyroid carcinomas (DTC). In
particular, 40 out of the 68 differentiated thyroid carcinomas
(58.8%) were papillary thyroid carcinomas (PTC). Among
them, the specified subtypes included 10 classic PTCs, 8
infiltrative follicular variants, 7 tall-cell subtypes, 6 diffuse
sclerosing subtypes, 2 oncocytic subtypes, | solid/trabecu-
lar subtype, and 1 Warthin-like subtype. The encapsulated

Table 1 Comparison of the analytical performance between the current validation of the NexThyro 2.0 panel and our previous validation experi-

ences

Panel NGS Chip Reference range (genes covered) Mapped % Success
platform reads reads rate
on (%)
target
Cancer Hotspot Ion PGM 316 ABLI, EGFR, KRAS, PTPN11, AKT1, ERBB2, GNAQ, MET, RBI, 160,120 76.05 34/37
Panel v2 ALK, ERBB4, HNF1A, MLH1, RET, APC, EZH2, HRAS, MPL, (91.8%)
SMAD4, ATM, FBXW7, IDH1, NOTCH1, SMARCBI1, BRAF, FGFR1,
JAK2, NPM1, SMO, CDHI, FGFR2, JAK3, NRAS, SRC, CDKN2A,
FGFR3, IDH2, PDGFRA, STK11, CSF1R, FLT3, KDR, PIK3CA,
TP53, CTNNBI, GNA11, KIT, PTEN, VHL
Nexthyro Ton Tor- 540 264 point alterations in BRAF, HRAS, KRAS, NRAS, RET, EIFI1AX, 999,734 93.33 72/76
rent™ S5 GNAS, IDH1, NF2, PIK3CA, PPM1D, PTEN, DICER1, CHEK? and (94.7%)
GS TERT promoter
Nexthyro 2.0 Genexus™ GX5™ 285 point alterations in BRAF, HRAS, KRAS, NRAS, RET, EIF1AX, 1,304,156 93.77 124/124
(histological v6.8.4.0 GNAS, IDHI, IDH2, NF2, PIK3CA, PPM1D, PTEN, DICER1, CHEK?, (100%)
samples) DNA KIT, TSHR, AKT1, MET, CTNNBI and TERT promoter
Nexthyro 2.0  Genexus™ GX5™ 171 gene fusions in ALK, BRAF, RET, NTRK1, ROS1, THADA, GLIS1, 540,821 99.99 124/124
(histological v6.8.4.0 GLIS3, PAX8 and PPARG genes (100%)
samples) RNA
Nexthyro 2.0 Genexus™ GX5™ 285 point alterations in BRAF, HRAS, KRAS, NRAS, RET, EIF1AX, 1,243,997 82.42 41/43
(cytological v6.8.4.0 GNAS, IDHI1, IDH2, NF2, PIK3CA, PPM1D, PTEN, DICER], CHEK?2, (95.3%)
samples) DNA KIT, TSHR, AKT1, MET, CTNNBI and TERT promoter
Nexthyro 2.0 ~ Genexus™ GX5™ 171 gene fusions in ALK, BRAF, RET, NTRK1, ROS1, THADA, GLIS1, 238,629 99.99 41/43
(cytological v6.8.4.0 GLIS3, PAX8 and PPARG genes (95.3%)
samples) RNA
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follicular-patterned carcinoma (28/68, 41.2%) included 18
follicular thyroid carcinomas (FTC), and 10 invasive encap-
sulated follicular variants of papillary thyroid carcinomas
(IEFVPTCs). High-grade follicular cell-derived carcino-
mas accounted for 15/98 (15.3%) malignant neoplasms
and included 13 poorly differentiated thyroid carcinomas
(PDTC); 2 anaplastic thyroid carcinomas (ATC) were also
included. Medullary thyroid carcinomas (MTC) represented
15 out of 98 (15.3%) malignant neoplasms.

Overall, 89 pathogenic or likely pathogenic somatic
alterations were identified. A total of 76 neoplasms (61.3%)
harboured at least one clinically relevant alteration, whereas
48 neoplasms (38.7%) did not show any pathogenic or likely
pathogenic mutation among those included in the NexThyro
2.0 panel. A single molecular alteration was identified in 63
of 76 cases (82.9%), whereas 13 (17.1%) cases harboured
two or more clinically relevant alterations.

Driver alterations were identified in 66 of 76 mutated
cases (86.8%). The distribution of genomic alterations
across histologic subtypes is detailed in Table 2.

Among benign and low-risk lesions, 12 cases harboured
genomic alterations, including 6 FA, 4 NIFTPs, and 2 HTT.
RAS-like mutations represented the most frequent altera-
tions in this group (10/12, 83.4%), occurring in 6 FA and
4 NIFTPs. In particular, 5 FA harboured RAS-alterations
while one FA showed a PAXS8::PPARG fusion. The 4

mutated NIFTP showed either NRAS (n=3) or DICERI
(n=1) alterations. Conversely, the mutated HTT harboured
a PAXS::GLISI fusion.

In PTC, driver events were identified in 24 of 40 cases
(60.0%). BRAF p.V60OE was the most frequent driver
alteration (16/24, 66.7%), followed by RAS mutations
(6/24, 25.0%), including NRAS and KRAS mutations. Gene
fusions were identified in two driver-positive PTCs (2/24,
8.3%), one harbouring a TPM3::NTRK rearrangement and
one harbouring a CCDC6::RET rearrangement. BRAF-like
alterations were significantly enriched in PTC compared
with other neoplasms (45% vs. 2.3%; Fisher’s exact test,
p<0.001). Co-occurring alterations were observed in 5 out
of 24 driver-positive PTCs (20.8%) (see Table 2). One addi-
tional PTC case harboured an isolated TERTp c.—124 C>T
mutation.

In IEFVPTC cases, alterations were detected in 6 of 10
cases (60.0%). Five cases were driver-positive, including 3
RAS alterations and 2 BRAF p.V600E mutations. One RAS-
mutated case also harboured a co-occurring TERTp muta-
tion, while one case showed an E/F']AX mutation affecting
the N-terminal domain.

FTC showed alterations in 11 of 18 cases (61.1%). Eight
of these 11 cases (72.7%) harboured RAS-like driver altera-
tions, including HRAS NRAS KRAS mutations and one
PAXS::PPARG fusion. Additional alterations, either isolated

Table 2 Distribution of genomic alterations across histological subtypes detected by the Nexthyro 2.0 panel. FA, follicular adenoma; HTT, hyalin-
izing trabecular tumour; NIFTP, non-invasive follicular thyroid neoplasm with papillary-like nuclear features; PTC, papillary thyroid carcinoma;
FTC, follicular thyroid carcinoma; IEFVPTC, invasive encapsulated follicular variant of papillary thyroid carcinoma; MTC, medullary thyroid
carcinoma; ATC, anaplastic thyroid carcinoma; PDTC, poorly differentiated thyroid carcinoma

Category Histotype Mutated Genomic alterations (DNA/RNA)
(n) cases (n,
%)
Benign FA(16) 6 Single alterations: NRAS p.Q61R (2); KRAS p.Q61K (1); NRAS p.G13D (1); PAXS::PPARG fusion (1)
(37.5%)  Co-occurring alterations: HRAS p.G13D+PIK3CA p.R93W (1)
Low-risk NIFTP 4 (80%)  Single alterations: NRAS p.Q61R (3); DICERI p.E1705K (1)
(6]
HTT (5) 2(40%) Single alterations: PAXS::GLISI (2)
Malignant ~ PTC (40) 25 Single alterations: BRAF p.V600E (13); NRAS p.Q61R (2); NRAS p.Q61K (1); KRAS p.G12S (1);
(62.5%) TPM3::NTRK]I fusion (1); CCDC6::RET fusion (1); TERT promoter ¢.—124 C>T (1)
Co-occurring alterations: BRAF p.V600E+AKT] p.E49G (1); BRAF p.V600E+EIF1AX p.GSE
(1); BRAF p.-V600E+ TERT promoter c.—146 C>T (1); KRAS p.G13D+IDHI p.R132C (1); NRAS
p-Q61R+DICERI p.E1705K (1)
FTC (18) 11 Single alterations: NRAS p.Q61R (3); KRAS p.Q61R (1); KRAS p.G12V (1); HRAS p.Q61K (1);
(61.1%)  PAX8::PPARG fusion (1); TERT promoter c¢.—124 C>T (1); PIK3CA p.H1047L (1); PIK3CA p.E726Q (1)
Co-occurring alterations: NRAS p.Q61R+PTEN p.R130Q (1)
IEF- 6 (60%)  Single alterations: BRAF p.V600E (2); NRAS p.Q61K (1); KRAS p.Q61R (1); EIFIAX p.G15D (1)
VPTC Co-occurring alterations: NRAS p.Q61K+ TERT promoter c.—146 C>T (1)
10)
MTC 11 Single alterations: RET p.M918T (4); RET p.C618S (2); RET p.C620R (1); HRAS p.Q61R (2); HRAS
(15) (73.3%) p.G13R (1); PIK3CA p.E453K (1)
ATC (2) 2(100%) Single alterations: NRAS p.Q61K (1)

Co-occurring alterations: NRAS p.Q61K+ TERT promoter ¢.—124 C>T (1)

PDTC 9
(13) (69.2%)

Single alterations: TERT promoter c.—124 C>T (3); NRAS p.Q61K (1); NRAS p.Q61R (1)
Co-occurring alterations: KRAS p.Q61R + TERT promoter c.—124 C>T (2); NRAS p.Q61R+TERT

promoter ¢.—124 C>T (1); NRAS p.Q61R+TERT promoter ¢c.—146 C>T (1)
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or co-occurring with RAS alterations, included TERTp,
PIK3CA, and PTEN mutations (Table 2).

In PDTC, RAS mutations were identified in the major-
ity of mutated cases (6/9, 66.7%). TERTp mutations, either
isolated or as co-mutations, were observed in 7 of 9 mutated
PDTCs (77.8%) (see Table 1). Both ATC cases included in
this study harboured NRAS p.Q61K mutations (2/2, 100%),
with one case also showing a co-occurring TERTp mutation.

MTC showed alterations in 11 of 15 cases (73.3%).
Driver alterations mainly involved the RET oncogene (7/11,
63.6%), including RET p.M918T in four cases, whereas
HRAS mutations were identified in three cases (3/11, 27.3%).
One additional case harboured an isolated PIK3CA mutation.
No co-occurring variants were identified in MTC cases.

Focusing on late events in thyroid tumour pathogenesis,
TERTp mutations were identified in 12 tumors, correspond-
ing to 15.8% of cases bearing molecular alterations. These
alterations were observed either as isolated events (5/12,
41.7%) or in association with other variants (7/12, 58.3%).
In particular, TERTp mutations were identified in 7 of 13
PDTCs (53.8%; 7/9 mutated PDTCs, 77.8%) and in 1 of the
2 ATCs. In PDTCs, TERTp mutations were frequently asso-
ciated with R4S mutations, including NRAS-mutated cases
(2/7, 28.6% of TERT-mutated PDTCs) and KRAS-mutated
cases (2/7, 28.6% of TERT-mutated PDTCs). To further
validate TERTp mutations identified by NGS, the residual
DNA was tested using Digital PCR as described in Meth-
ods section. Digital PCR was successfully performed in all
12 samples, detecting the c.—124 C>T mutation in 10/12
samples, while the ¢.—146 C>T mutation was detected in
2/12 samples.

Conversely, PIK3CA/AKT/PTEN pathway alterations
were identified across different neoplasms, namely FA, PTC,
FTC, and MTC, and occurred either as isolated events or
in association with driver mutations (see Table 2). PIK3CA
mutations were the most common, followed by AK71 and
PTEN mutations.

Cytological samples

A total of 43 thyroid fine-needle aspiration specimens per-
formed at our Institution between 2024 and 2026 were

analyzed. The cohort included 34 needle rinse samples
(34/43, 79.1%), 7 liquid-based cytology specimens (7/43,
16.3%), and 2 cell blocks (2/43, 4.7%). Adequate nucleic
acid material was obtained in 41 of 43 cases (95.3%), which
constituted the final cytological cohort.

The 41 tested FNA included 16 Atypia of Undetermined
Significance cases (13 AUS-other, 31.7%; 3 AUS-nuclear,
7.3%) 4 Follicular Neoplasm (FN, 9.8%), 1 Suspicious for
Malignancy case (SFM,2.4%), and 20 Malignant cases (M,
48.8%).

Overall, 27 of 41 tested FNA (65.9%) harboured at
least one molecular alteration among those included in
the Nexthyro 2.0 panel. Driver alterations were identi-
fied in 21 of 27 mutated cytological samples (77.8%).
BRAF-like alterations represented the most frequent
driver category, being detected in 14 of 21 driver-positive
cases (66.7%) and included BRAF p.V600E mutations
as well as RET and ALK fusions (Table 3). BRAF-like
alterations were significantly enriched in M-samples
compared to non-M samples (60% vs. 9.5%, Fisher’s
exact test, p<0.001). Among the indeterminate (AUS
and FN) mutated cases 10/20, 50%), RAS-like were the
most common alterations observed (6/8, 75%) including
H-N-KRAS mutations, as well as PAX8::PPARG fusions
(Table 3). A single case showed the RET p.M918T point
mutation.

Co-occurring alterations were observed in 6/27 mutated
cytological samples (22.2%), in particular in M FNA,
where they were observed in 5/16 mutated cases (31.2%).
One M FNA harboured multiple alterations, namely BRAF
p.V60OE, PIK3CA p.E545A, and TERTp c.—146 C>T
mutations (Table 3).

TERTp mutations were detected in 5 of 27 mutated cases
(18.5%), including 4 M samples and 1 FN sample. These
mutations occurred either as isolated alterations or in asso-
ciation with other events. PIK3CA mutations were identified
in 6 of 27 mutated cytological samples (22.2%), involving 2
AUS-other samples and 4 M FNA.

Histological follow-ups were available only for two
cases: one PAXS::PPARG rearranged SFM FNA diagnosed
as FC, and one CCDC6::RET rearranged M FNA diag-
nosed as PTC.

Table 3 Distribution of genomic alterations across TBSRTC diagnostic categories in the cytological cohort (n=41). Indeterminate categories

(AUS, FN); SFM, suspicious for malignancy; M, malignant

TBSRTC category Mutated cases Genomic alterations (DNA/RNA)

(n) (n, %)

Indeterminate 10 (50%) Single alterations: BRAF p.V600E (2); HRAS p.G13S (1); KRAS p.Q61R (1); NRAS p.Q61R (1);
cytology (20) PAXS::PPARG fusion (1); PIK3CA p.ES45A (2); DICERI p.D1709G (1); TERT promoter ¢.—146 C>T (1)
SFM (1) 1 (100%) Single alterations: PAX8::PPARG fusion (1)

M (20) 16 (80%) Single alterations: BRAF p.V600E (3); CCDC6::RET fusion (2); EML4::ALK fusion (1); NCOA4::RET

fusion (1); RET p.M918T (1); NRAS p.Q61R (1); TERT promoter c.—124 C>T (2)
Co-occurring alterations: BRAF p.V600E+PIK3CA p.E545A (3); BRAF p.V600E + TERT promoter
c¢.—124 C>T (1); BRAF p.V600E+ TERT promoter c.—146 C>T+ PIK3CA p.E545A (1)
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Discussion

Molecular testing as ancillary tool in thyroid pathology was
originally introduced to improve the stratification of inde-
terminate cytological diagnoses [6]. However, the use of
molecular data has been increasingly employed to inform
clinicians on the prognosis of DTC. The recent ATA guide-
lines recommend as a reasonable choice for the surgical
treatment of DTC ranging from 2 to 4 cm with no lymph
node metastasis either the lobectomy or the total thyroid-
ectomy, with genomic evaluation which might be consid-
ered along with clinical and radiological data to guide the
extent of surgery [23]. Also, the post-operative assessment
of molecular alterations can inform about the risk of recur-
rence, considered in the context of traditional parameters
[23]. Recently, molecular testing has become increasingly
relevant for the choice of the targeted therapeutic regimen
in aggressive, high grade follicular-derived carcinoma and
anaplastic carcinoma [23]. Moreover, RET-mutation test-
ing is recommended for patients affected by advanced MTC
who either have a wild-type result from RET germline test-
ing or the germline test result is not available [5].

Since an all-in-one molecular testing solution for thyroid
pathology is still not available outside the US, the design
and validation of a custom NGS panel seem to be a reason-
able strategy, in particular for referral centres specialized in
thyroid pathology like our Institution [24].

To this end, we recently designed an updated version of
our NGS panel in order to include an RNA pool dedicated
to the analysis of relevant fusions and expression markers,
optimizing the design and reference range of the DNA pool
as well. We obtained optimal post-sequencing metrics across
the range of specimens which might be submitted to NGS
testing in a routine clinical practice (Table 1). Moreover,
the analytical sensitivity of this new version panel demon-
strated a reliable identification of DNA and RNA alterations
at dilution point as low as 0.5%. Although such sensitivity
is not required for tissue-based sequencing, this capability is
important for the employment of this panel for liquid biopsy
assessment [25]. In fact, although liquid biopsy is still rarely
utilized in thyroid oncology, is a promising tool to either
allow rapid treatment decisions or track the response and
monitor the disease in patients affected by advanced and
anaplastic thyroid carcinoma [23, 26].

The overall success rate of 95.3% on FNA material dem-
onstrated the analytical feasibility of this panel on cytologi-
cal specimens in the pre-operative setting (Table 1). This
result is consistent with other results reported in literature,
in which the use of custom NGS-panel on cytological speci-
mens have been successfully carried out [27, 28]. In particu-
lar, rather than excluding suboptimal specimens, we adopted
a permissive sample-inclusion approach, processing the

maximum available input volume and relying on manual
visual inspection of borderline cases to maximize diagnostic
yield without compromising result reliability (Supplemen-
tary Fig. 1) [8, 29].

The molecular alterations retrieved in histological sam-
ples were consistent with those expected for the different
thyroid cancer histotypes, with the BRAF' p.V60OE altera-
tions more frequently harboured by PTC (66.7% of mutated
PTC), whereas RAS-like alterations were more commonly
retrieved in follicular patterned lesions, including malig-
nant, benign and low-risk neoplasms, confirming the limited
clinical usefulness of these alterations as isolated mutational
event (Table 2) [30]. However, also PDTC were mostly
driven by RAS mutations (66.7% of mutated PDTC) [31].
Among the low-risk neoplasms, HTT showed PAXS::GLIS!
rearrangements, which have been recently described as
highly prevalent in HTT but not in PTC [32]. Since HTT
features morphologic features overlap with PTC, potentially
leading to an overdiagnosis as SUS or MAL [33], the inclu-
sion of GLIS fusion detection in our thyroid NGS panel
could be beneficial to identify this entity on FNA, avoiding
overtreatments [34]. To our knowledge, this is one of the
first custom thyroid-specific NGS panel who include this
target alongside other gene fusions.

The previous version of our custom panel was not fully
optimized for the detection of TERTp alterations; in fact,
although the panel was able to retrieve the mutations, the
amplicons coverage was below the variant caller threshold
[12]. Thus, in this revised panel version, we included mul-
tiple overlapping primer to cover the whole CpG rich island
which characterize the TERTp region. This approach was
successfully validated by DigitalPCR exclusively in histo-
logical cases in which the TERTp alterations were detected
by NGS. The TERTp alterations detected in our series were
identified either as isolated or co-mutation in the majority of
PDTC, according to the known association between these
alterations and aggressive cancer behaviour [35]. However,
the risk carried by isolated TERTp mutations is still unclear,
because isolated alterations were reported in aggressive thy-
roid cancers as well as low-risk and benign neoplasms [36,
37].

The most frequent alteration in MTC was RET point
mutations followed by HRAS alterations (Table 2), con-
sisted with previous studies [38]. Interestingly, one MTC
harboured a PIK3CA mutation; although the overactiva-
tion of the PI3K/Akt/mTOR pathway plays a crucial role
in the pathogenesis of MTC, PIK3CA mutations are rarely
retrieved in MTC [39].

Among uncommon mutations, DICER [ and EIF [ AX alter-
ations were rarely observed in our series. EIF 1AX alterations
occurred in malignant cases only, whereas DICER] muta-
tion was observed in 1 NIFTP case from our series (Table 2).
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Although these alterations may confer to the indeterminate
FNA a higher ROM, the association between these alterations
and benign or low-risk thyroid neoplasms raises questions
about their clinical utility in the pre-operative setting [40, 41].

The overall distribution of molecular alterations in our
cytological cohort reflects previous experiences [11, 42].
In fact, BRAF p.V600E mutations were more commonly
observed in M cases, whereas RAS-like alterations were
more common in indeterminate cases (Table 3). Co-occur-
ring TERTp and PIK3CA alterations were only observed in
M FNAs featuring BRAF p.V600E mutations; the co-occur-
rence of this “late-hit” alterations with “early” driver muta-
tions is more often observed in high-risk patients which are
in turn more frequently diagnosed as M on FNAs [42].

Several limitations of this study should be acknowledged.
First, histological follow-up was available for only two FNA
cases, which precludes the assessment of the clinical utility
of the Nexthyro 2.0 panel in the pre-operative setting. This
limitation is, however, inherent to the design of the present
study, which was primarily conceived to assess the analyti-
cal performance of this novel panel on routine sample types.
Indeed, we may infer that the consistency of the mutational
profiles detected by Nexthyro 2.0 with those expected on the
basis of established histological and cytological correlates
serves as an indirect indicator of its clinical utility, which
will nonetheless require prospective validation on larger
cohorts with available surgical follow-up. Moreover, onco-
cytic lesions were underrepresented. However, amplicon-
based NGS panels are optimized for the detection of point
mutations and gene fusions but are not designed to capture
chromosomal abnormalities such as copy number variations
(CNVs), which represent the dominant molecular alteration
in oncocytic thyroid carcinomas [43]. Future iterations of
the Nexthyro panel should therefore incorporate CNV anal-
ysis to extend its diagnostic applicability to this challenging
group, as well as additional diagnostic meaningful targets
(e.g. NTRK3 and TP53). Moreover, as an amplicon-based
targeted panel, a negative fusion result does not exclude rare
or novel rearrangements involving genes or fusion partners
outside the panel design, a caveat that should be clearly
communicated in the molecular report. Additionally, inter-
and intra-run reproducibility was not formally assessed, as
dilution experiments were performed once without repeti-
tion across different runs, chips, or operators.

In conclusion, Nexthyro 2.0 integrates an optimized DNA
mutation panel with RNA fusion detection, extending the
reference range of our custom NGS solution for thyroid
molecular testing. The panel achieved high sequencing suc-
cess rates on both histological and cytological specimens,
with analytical sensitivity down to 0.5% dilution, supporting
its applicability across the range of sample types encountered
in routine thyroid pathology practice. Furthermore, the low
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analytical detection limit achieved under experimental con-
ditions suggests potential future applicability to liquid biopsy
specimens, pending dedicated validation on blood samples.
The optimized TERTp coverage and the inclusion of GLIS
fusion targets further broaden the diagnostic and prognostic
scope of the panel. Prospective evaluation on larger cohorts
with available surgical follow-up will be required to confirm
its clinical utility in the pre-operative setting.
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